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ABSTRACT
A low-order stochastically forced two-layer global energy balance model (EBM) admitting an analytical
solution is developed for studying natural inter-annual, decadal and multi-decadal climate variability, and
ultimately to better understand forced climate change. The EBM comprises upper and lower oceanic layers
with a diffusive coupling, a radiative damping term including feedbacks and stochastic atmospheric forcing.
The EBM is used to analyse the influence of radiative forcing, feedbacks and climate system inertia on the
global mean surface temperature variance (climate variability) and to understand why Coupled Model
Intercomparison Project, Phase 5 (CMIP5) models exhibit such a wide range in the level of variability in
globally averaged surface air temperature. We examine the influence of the model parameters on the climate
variability on different timescales. To this end, we derive the Fokker—Planck equation for the EBM and then
obtain the analytical expression that quantifies the sensitivity coefficients for all model parameters. For all
timescales, the most influential factors are as follows: (1) the magnitude of the stochastic forcing, (2) the
feedback mechanisms, (3) the upper layer depth, (4) the diffusion parameter and (5) the lower ocean depth.
Results from the EBM imply that the range of stochastic forcing in the CMIPS climate models is around
twice as important as the strength of radiative feedback or upper layer depth in causing the model-to-model

spread in the magnitude of globally averaged climate model variability.
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1. Introduction

Global temperatures are characterised by large global-
scale ‘natural variability’ on timescales from months to
decades (Power et al., 2006; Hawkins and Sutton, 2009;
Deser et al., 2012). The importance of variability has
been particularly prominent in recent years during the
debate of the role of decadal contributions to a purported
‘hiatus’ in global warming (Collins et al., 2013). Although
the precise nature, cause and importance of the ‘hiatus’
are still the subject of research (e.g. Kosaka and Xie,
2013), what is clear is that natural variability on time-
scales from years to multiple decades can either substan-
tially reduce or exacerbate the effects of global warming,
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and it plays a critical role in the detection and attribution
of climate change.

It has long been known that climate change projections
under a range of projected greenhouse gas increases vary
by a factor of around three in coupled general circulation
models (CGCMs) (e.g. Bony et al., 2006), and this range
has not decreased over a long period of model develop-
ment (Flato et al., 2013). Perhaps less appreciated is that
the range of natural variability found in GCMs is equally
stark. Colman and Power (2018) find the standard devi-
ation of global mean temperature at decadal timescales
varies by a factor of more than four across Coupled
Model Intercomparison Project, Phase 5 (CMIP5) mod-
els, with a similar range apparent in an earlier generation
(CMIP3). In contrast to climate change, however, much
less effort has gone into understanding the reasons behind
this large spread.
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Part of the challenge is the complexity of processes
underlying natural variability, including features such as
El Nino-Southern Oscillation (ENSO) and the
Interdecadal Pacific Oscillation (Power et al., 2006), and
Southern Ocean processes (Van Westen and Dijkstra,
2017). However, recent findings suggest that these and
other coupled dynamic processes, important as they may
be for regional-scale variability (such as ocean basin tem-
peratures or regional rainfall), may be less prominent at
global scales (Liu, 2012). The review paper of Liu (2012)
concludes that the ‘significant advancement of the last
two decades is the recognition of the (atmospheric) sto-
chastic forcing as the dominant generation mechanism for
almost all interdecadal variability’ (our emphasis).
Consistent with this, Middlemas and Clement (2016)
found that a model with only mixed layer physics showed
decadal variability only 5% weaker than a version of the
same GCM with full ocean dynamics. These two factors
together suggest, prima facie, that much can be learned
exploring the role of simpler ‘Hasselmann’ (1976)-type
responses to stochastic radiative forcing in understanding
variability in models.

A major advantage of the use of simplified, for
example, energy balance models (EBMs) is that the
hugely of CGCM
response can potentially be reduced to a few simple
parameters, allowing straightforward exploration and
understanding of model sensitivities. Under climate
change scenarios, simple EBMs have been extensively
used and it has been found that they can describe much
of the multi-decadal temperature evolution under very
different idealised external forcing, such as instantan-
eously quadrupled CO,, or 1% compounded increases
(Geoffroy et al., 2013a, 2013b; Gregory et al., 2015) or
even under more complex scenarios (Watterson, 2000;
IPCC, 2013). Indeed, they have shown surprising robust-
ness and utility in representing global temperature
changes out to 2300 and at extreme values of up to 12K
(Palmer et al., 2018). Although much less work has been
directed at understanding CGCM variability using such
models, one recent study has attempted to use simple
models to link inter-annual variability with climate
change in CMIP5 CGCMs (Cox et al., 2018).

A key point of interest in the present study is to
explore the relative roles of radiative climate feedbacks
versus oceanic heat uptake in setting the level of climate
variability and the magnitude of the annual to multi-dec-
adal response to external forcing. There is now consider-
able evidence supporting a significant role for radiative
feedbacks in influencing inter-annual and decadal vari-
ability (Minschwaner and Dessler, 2004; Hall and Qu,
2006; Dessler, 2010, 2013; Qu and Hall, 2014; Andrews
et al., 2015; Brown et al., 2015; Gregory and Andrews,

complex ‘multi-dimensionality’

2016; Ying and Huang, 2016; Zhou et al., 2016; Colman
and Hanson, 2017). Furthermore, radiative feedbacks
also determine equilibrium climate sensitivity (ECS)
(Bony et al., 2006) and, an associated measure of climate
sensitivity, the transient climate response (TCR) (Randall
et al.,, 2007), which is a function of both feedbacks and
oceanic heat uptake. If links could be established between
the magnitude of inter-annual/decadal/multi-decadal cli-
mate variability and ECS/TCR, then this has the exciting
potential to provide constraints on future climate change
based on climate variations derived from the instrumental
record or palaeo-reconstructions (Colman and Power,
2018; Cox et al., 2018).

With this ultimate goal in mind, and following the dis-
cussion above, we develop a simple two-layer EBM of
the climate system, and then we examine the ‘natural
variability’ evident in the EBM that arises in response to
stochastic radiative forcing. We will obtain analytical sol-
utions for the second-moment statistics of the model (i.e.
the global mean surface temperature variance) under sto-
chastic forcing. We will then explore the sensitivity of the
EBM variability on different timescales to the parameter
settings. This will help us to understand the relative
importance of the different physical processes included in
the EBM, such as radiative feedbacks, mixed layer depth
and deep oceanic mixing. We will then use the EBM to
try and better understand the reasons why current
CGCMs exhibit such a wide range in globally averaged
surface air temperature (GSAT) and variability.

In summary, we emphasise that we are not seeking a
fully detailed representation of variability in the real world
or in GCMs, but rather seeking to understand the simplest
possible model that can represent some of the key features
of global-scale variability (and response to external forcing)
and understand the characteristics of that model.

Section 2 describes the EBM, derivation of analytic solu-
tions and sensitivity analysis methods. Section 3 will present
the sensitivity analysis, discussion and comparison with
CMIPS5 results, and Section 4 will present the conclusions.

2. Methods
2.1. Two-layer energy balance model

To represent the earth’s climate system, we formulate a
two-layer EBM that consists of a pair of coupled linear
subsystems (Gregory and Mitchell, 1997; Gregory, 2000;
Held et al., 2010; Geoffroy et al., 2013a, 2013b). The first
subsystem represents the upper portion of the climate sys-
tem: the atmosphere, the land surface and the ocean
mixed layer combined, while the second subsystem repre-
sents the deep ocean. These subsystems are characterised
by specific effective heat capacities C and Cp such that
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C <« Cp. Their states are defined by the temperatures 7'
and Tp, which are globally averaged anomalies with
respect to the initial state and which satisfy the following
equations:

dT

dTp
D _(r-T, 2
CD dt /( D)> ()

where 4 is a climate radiative feedback parameter (in
Wm2K™"), y is a parameter that describes the coupling
strength between the two subsystems (in Wm2K™!),
while F; and Fy are deterministic and stochastic radiative
forcing terms, respectively (in Wm™2).

A key motivation of using such a model is that similar
two-layer models have been considered and analysed in a
number of papers considering the response to forced cli-
mate change. For example, Geoffroy et al. (2013a, 2013b)
obtained and discussed the general analytical solutions of
the two-layer model for different hypothetical climate forc-
ing scenarios, and suggested the approach of calibrating
the model parameters to imitate the time response of
CGCMs from CMIPS to radiative forcing. Gregory et al.
(2015) analysed the two-layer model and approximations
to (1) and (2), and discussed the TCR, the global mean
surface air temperature change 7" under two scenarios, one
with a step forcing (the abrupt 4xCO, experiment) and one
with the 1pctCO, scenario (atmospheric CO, increasing at
1% per year). Despite the fact that the two-layer model is
one of the simplest tools to mimic climate dynamics under
external radiative forcing, it was able to simulate the evolu-
tion of average global surface temperature over time in
response to both abrupt and time-dependent forcing rea-
sonably accurately (Geoffroy et al., 2013b).

Indeed, the degree of complexity of the EBM is chosen
in the present study very deliberately. The advantages, quite
apart from the close links to EBMs used in climate change,
include the simplicity, and the evidence that stochastic forc-
ing dominates global decadal variability (as discussed in the
Introduction). Further refinements could of course be
added, for example as discussed by Held et al. (2010), the
EBM could be modified to include features such as a time-
varying value for the ‘efficacy’ factor for deep ocean heat
uptake (see e.g. Winton et al, 2010). Geoffroy et al
(2013b), however, found impacts of including such uptake
‘efficacy’ were small over decadal to multi-decadal time-
scales, and they will not be examined further here. Note
also that since we wish to keep the forcing and response at
its simplest (again consistent with the way the model is used
for studying secular climate change) — we do not consider
the annual cycle in forcing or temperature variation.

In accordance with the theory of sensitivity in dynam-
ical systems (e.g. Eslami, 1994; Rozenvasser and

Yusupov, 2000; Cacuci, 2003), the inverse of the climate
feedback parameter « =1/1 is referred to here as the
‘climate sensitivity parameter’ or ‘climate sensitivity coef-
ficient’ (in Wm™2K™'). Meanwhile, following the
Intergovernmental Panel on Climate Change (IPCC,
2013) terminology, ‘climate sensitivity’ is defined as the
equilibrium response of the global mean surface tempera-
ture to a doubling of the atmospheric CO, concentration.
To avoid confusion, herein we will refer to this as the
‘ECS’. To understand the role of climate feedbacks, it is
useful to introduce a ‘reference climate sensitivity param-
eter’, o9 with only the ‘Planck’ response from surface
temperature operating (Roe, 2009). The Plank response is
the radiative cooling that would be obtained if nothing
changed in the warming atmosphere, apart from uniform
heating through the depth of the atmosphere (of the mag-
nitude of the surface warming), without changes to water
vapour amounts or clouds or to surface albedo (Bony
et al., 2006). We can write:

a0y = Lzoso.w m2K!, (3)
480‘T8

where ¢ = 0.62 is the emissivity of the Earth (Karper and
Engler, 2013), ¢=567x10"% kg s> K™ the
Stephan—-Boltzmann constant, 7; = 287K a ‘reference’
global mean surface temperature. The corresponding
Jo=1/op = 3.13K (W m~2)"". We introduce the dimen-
sionless feedback factor f, which represents the fraction
of the Planck cooling that is offset by the radiative feed-
backs in the system, specifically those due to changes in
water vapour, lapse rate, clouds and surface albedo
(Schlesinger, 1985; Bony et al., 2006). Not all of these
individual feedbacks are positive (e.g. lapse rate, Bony
et al.,, 2006). Taken together, however, these radiative
feedbacks are ‘positive’ in that they offset the Planck
cooling and therefore amplify the response of the system
to perturbation (Randall et al., 2007). To reiterate, how-
ever, the net radiative response of the system (the Planck
cooling plus the positive feedbacks) must be a dampening
one, otherwise the system is unstable to variations. Since
the Planck response is indeed large, this is the case both
in the real world and in climate models (Flato et al.,
2013). We can represent the parameter A as follows:
A= (1 —=f)/o. The variable g =1/(1 —f) is sometimes
referred to as climate ‘gain’ (Schlesinger, 1985).

2.2. Deterministic and stochastic radiative forcing
approximation

We assume that the deterministic radiative forcing Fy is
due to changes in greenhouse gas (and specifically CO,)
atmospheric concentrations. For the classic 1% com-
pounding CO, experiment, we assume F,; is linear
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function of time (i.e. assuming a logarithmic relationship

between F,; and CO, concentration), which gives
(Geoffroy et al., 2013b):
0 if t<0
Fit)=<% nt if 0 <1<ty “
Nt if >t
where 1 = Fyxco,/taxco, With  tr.co, = T0years and

F>xco, = 3.7W m~2 (Bony et al., 2006). Function (4) pro-
vides the 1% yr~! growth in CO, concentration until
F; = nty, where t is a stabilisation time.

To describe the natural variability, we include an addi-
tive stochastic radiative forcing F,(f) (Hasselmann, 1976)
on the right-hand side of Equation (1). Note that the ran-
dom term represents additive noise if it does not depend
on the model state variables. Ideally, we would have a
formulation that describes the time dependence of sto-
chastic forcing standard deviation. Considering the
‘multiplicative’ noise, we would need to introduce add-
itional parameters, which affect the amplitude of stochas-
tic forcing. The choice of extra parameters will generate
additional complexity in our simple model but not guar-
antee better results, so consideration of ‘multiplicative’
noise is left to a separate study. Random fluctuations of
the atmospheric heat flux are modelled by a Gaussian
white noise with zero mean (F;(¢)) =0 and correlation
function given by:

(F(0)Fy(t +5)) = a28(s), Q)

where af, is the variance of the noise, ¢ is the Dirac delta
function, and brackets denote
ble averaging.

Since our objective is to study climate variability on
annual, decadal and multi-decadal (30years) timescales,
the normally distributed stochastic forcing is assumed to
be uncorrelated on monthly timescales. Estimates of sto-
chastic forcing from the CMIP5 CGCMs were calculated
by: (1) first detrending pre-industrial (PI) experiment
annual mean temperatures and top of atmosphere (TOA)
and surface radiation; (2) removing the mean seasonal
cycles; and (3) removing TOA and surface radiation fluc-
tuations correlated with global mean temperature. This
latter removal was carried out on the assumption that
radiative perturbations on monthly timescales contain a
component (particularly in the long wave) which is in
response to the temperature perturbations and is there-
fore not ‘forcing’ the system. This component was
removed by linearly regressing radiation change against
temperature, then subtracting the temperature-dependent
fraction. The fraction removed was typically very small,
at around 5% of the total standard deviation of net radi-
ation on average across the CGCMs.

angular ensem-

The remaining variation is taken to represent the sto-
chastic forcing in the models and is found to be domi-
nated by shortwave variations (not shown). As the
result, we have obtained the value of 0.60 Wm ™2 at the
TOA and ~0.46W m~? at the surface for the monthly
timescale o;. The latter will be used in the calculations
that follow. Observational estimates based on CERES
(Clouds and the Earth’s Radiant Energy System) satel-
lite data indicate that global-scale total TOA variability
has a standard deviation of around 0.62 (0.28) W m™>
on monthly (annual) timescales (Trenberth et al., 2014)
— a value comparable to the multi-model mean. In par-
allel, analysing detrended surface temperature time series
in the CGCMs, we calculated the values of 0.00701,
0.00212 and 0.00071 K2 for PI inter-annual, decadal and
multi-decadal (30years) variances of the global mean
surface temperature, respectively. These values will be
used in the analysis of two-layer model discussed in
this article.

2.3. Model parameters

The two-layer model has two state time-dependent varia-
bles T and Tp, and six free parameters: C, Cp, f, 7, 1
and g,. Since the values of parameters # and o, are
already discussed above, here we will pay attention to the
remaining four parameters.

Note that we would expect parameter values to deter-
mine the ‘timescale’ of the temperature response to forc-
ing. Specifically, there are two timescales set by the
relaxation times t4 and 7o for the equilibration of upper
and deep ocean temperatures, respectively (Geoffroy
et al., 2013a). Critical parameters that define 7,4 and 7o
are, correspondingly, the effective heat capacities C and
Cp. For inter-annual variability, we assume that C =
7.5W yr m—2K~! (Geoffroy et al, 2013a). The corre-
sponding depth of the upper ocean layer /4 is about 60 m
since C = ¢oh, where ¢y =4 x 10® J m=3K ™! is the volu-
metric heat capacity (Gregory, 2000). For decadal vari-
ability, we assume that C ~20W yr m 2K~ (Gregory,
2000; Schwartz, 2007), which gives the estimate
h =~ 150m. Note that these differences in the upper ocean
reflect differing physical processes operating on these
timescales. On shorter timescales, relatively shallow mixed
layer processes dominate the effective depth of the ocean
heat exchange, whereas on longer timescales overturning
circulations, vertical advection and convective mixing at
high latitudes cause an exchange in heat at much deeper
levels in the ocean (Power and Hirst, 1997; Rhein
et al., 2013).

The question arises on possible variations of these
parameters on multi-decadal timescales. In a stationary
climate, there is no a priori reason to expect time
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dependence of the parameters, and we are assuming a
stable PI climate (compared with changes under secular
climate change). This assumption of unchanging varia-
bles is also consistent with the assumptions elsewhere,
for example under the modelling of Geoffroy et al.
(2013a) and Palmer et al. (2018). Investigation of intro-
ducing an ‘efficacy’ factor by Geoffroy et al. (2013b)
for deep ocean processes (relevant for multi-decadal
timescales) found little impact on global temperature
changes at less than centennial timescales, so would
not likely impact the results here. Nevertheless, there is
an assumption here of stationarity. In fact, true climate
stationarity is unlikely to exist in nature (Masson-
Delmotte et al., 2013). Furthermore, even in a hypo-
thetical ‘stationary’ climate, variances are likely to
themselves vary on very long timescales due to the
internal dynamics of the climate system. Climate mod-
els show temporal variability in variance and other cli-
mate statistics, from processes such as inter-decadal to
inter-centennial variability of ENSO (Wittenberg, 2009).
Such temporal variations are beyond the scope of the
present study, however, so are not investigated fur-
ther here.

The values of Cp and 7y are taken in accordance with
values consistent with the CMIP5 multi-model mean
under climate change derived by Geoffroy et al. (2013a):
Cp~ 100 W yr m2K~! (this value corresponds to an
equivalent deep ocean depth  hp ~ 800 m)
and y ~ 0.7 Wm—2K .

The feedback factor, f, plays an influential role in the
behaviour of the coupled dynamical system. We assume
that 0< f'<1, meaning that the feedback amplifies the sys-
tem response to external forcing (Colman, 2003; Roe,
2009), and that the system is stable to external forcing. In
practice, in CGCMs the net feedback factor is the result
of contributions from temperature-dependent changes to
water vapour, lapse rate, surface albedo and clouds
(Colman, 2003; Bony et al., 2006). Using the multi-model
mean of the climate radiative feedback parameter 1=
1.13W m=2 K~' (Geoffroy et al., 2013a) and applying
the relationship between f and 1 (see Section 2.1), we
obtain = 0.64.

layer

2.4. Mean and second-moment equations

Equations (1) and (2) can be represented as

daT n |
E— —aT+bTD +Et+z,gs€([)7 (6)
dT
TzD = cT—cTp. @)
where £(¢) is a Gaussian white noise with unit variance,
I S R
a= C ,b—C,c—CD. 8)

The associated Fokker—Planck or forward Kolmogorov
equation that describes the time evolution of the prob-
ability density function P = P(T, Tp, t) for these equa-
tions is of the form:

oP 0 0
+ s 82_1)
2C29T*

&)
Multiplying both sides of Equation (9) by 7, and then
integrating over all possible values of 7 and Tp, one can
derive the mean equation for variable 7' (Nicolis, 1998;
Heinz, 2011):
d(T)
dt

= —a(T) +b<TD>+%t. (10)

The partial derivative by ¢ is replaced here by the regu-
lar derivative because the expectation values (7)) and
(Tp) of variables T and Tp are only functions of .
Similarly, we can also obtain the second equation, which
describes the time evolution of the mean value (Tp)

d(Tp)
dt
The second-moment equation for the variable 7" can be
derived by multiplying both sides of the Fokker—Planck
Equation (9) by T2 and then integrating by parts:

d{sT?) I . a?
“ = =2a(0T%) + 2b(5T6Tp) + 75

=c(T)—c(Tp). (11)

(12)

where (8T2) = (T?)—(T)* is the surface temperature vari-
ance, 0T = T—(T) and 6Tp = Tp—(Tp). Using the same
procedure, we can obtain the following second-moment
Equations:

d(6Tp?
{ dtD ) = 20(0T5Tp)—2¢(0Tp?), (13)
d{0ToT, X
%: c(0T*)—(a+ c)(dTSTp) + b(5Tp*).  (14)
For the steady-state probability distribution, the

Equations (12)—(14) take the form:

2
2a(5T2)—2b(5TOTp)— % —0, (15)

2e(8T3Tp)—2¢(6Tp*) =0, (16)
c(dTH—(a+ ¢)(6T5Tp) + b(6Tp*) = 0. 17)
(6T?) is then given by:

2 \.Cp + yC
5T = %5 R . 18
(0T") 2C (A +7)(ACp +yC) — y2C (18)

It follows from Equation (18) that in the EBM, the
surface temperature variance (variability) is independent
of the deterministic radiative forcing F; or, in other



6 S. SOLDATENKO AND R. COLMAN

words, on concentrations of atmospheric greenhouse
gases such as CO,. Therefore, the parameter 5, which
defines deterministic radiative forcing by (4), can be
excluded from our consideration.

Note that the study of the variance of the model is
confined to that in the PI climate (i.e. without external
forcing). A full analysis of the evolution of variability
under climate change (e.g. using the approach in Majda
and Gershgorin (2010)) would be a useful extension in a
further study.

2.5. Sensitivity analysis method

Model  parameters, denoted by the  vector
p=(C, Cp, f, 7, as)T, influence the model output and,
in particular, the surface temperature variance defined by
Equation (18). Most of these parameters are empirical
and therefore not uniquely defined. However, the CGCM
and observational results provide plausible ranges (e.g. on
radiative feedbacks). The impact of varying a parameter
on the EBM output itself varies from parameter to par-
ameter. For exploring the influence of the uncertainty in
the model parameters on the climate variability, we
employ sensitivity coefficients defined as partial deriva-
tives of surface temperature variance (372) with respect
to parameters (e.g. Eslami, 1994; Rozenvasser and
Yusupov, 2000):

9T
pi apl

- (19)

where p; is any particular parameter of interest and p; its
base (nominal) value around which the sensitivity is esti-
mated. Sensitivity coefficients can be readily determined
by using (19) with respect a given parameter, keeping
other parameters unchanged.

Sensitivity coefficients for different model parameters,
however, can naturally be expected to differ in magni-
tude, simply because of differences in their units. For
assessing, and ranking, the relative influence of parameter
uncertainties on the climate variability, we use the relative
sensitivity coefficients defined as

Di 8((3T2>
<5T2> Opi

R _
SR = (20)

The relative sensitivity, then, describes how tempera-
ture variance is affected by fractional changes in a par-
ticular variable — for example, how a 10% change in
mixed layer depth changes the variance, which can then
be compared, say with a 10% change in the ocean
deep layer.

Table 1. Maximum, minimum and multi-model mean values of
radiative feedback parameter A and climate system inertia
parameters C, Cp and y obtained from analysis of the CMIPS
models (Geoffroy et al., 2013a) and the corresponding values for
g, from this study.

Parameter Min. value Max. value Multi-model mean
J(Wm 2K 0.61 1.70 1.13
y(Wm 2K 0.50 1.16 0.73
C(Wyrm2 K™ 47 8.6 7.3
Cp(Wyrm™2 K™ 53 145 106
o, (Wm™?) 0.30 0.60 0.46

Table 2. Maximum, minimum and multi-model mean values of
model parameters used in calculations.

Parameter Min value Max value Base value
f 0.1 0.8 0.64
y(Wm 2K 0.1 1.3 1.13
CWyrm 2K 4 40 7.5/20/30
Cp(Wyrm2 K™ 50 250 100
o, (Wm™?) 0.1 0.8 0.46

Shown values for the parameter C correspond, respectively, to
inter-annual, decadal and multi-decadal timescale variability.

3. Results and discussion

To evaluate the two-layer model and in particular to
rank the impact of model parameters on the surface tem-
perature variance (6T2), we use the so-called monothetic
analysis, or one-variable-at-a-time (OVAT), method,
changing each parameter over its range, and keeping
others at their ‘base’ values — that is, changing only one
parameter at a time (e.g. Daniel, 1973; Murphy et al.,
2004). The downside of this approach is its inability to
explore interactions among the parameters. Since in our
simple model we do not explicitly account for interactions
between parameters and the number of parameters is
small, the use of OVAT method is a good starting point.
The OVAT approach requires maximum and minimum
values, and base values for all model parameters. Geoffroy
et al. (2013a) derived ranges of parameter values for the
two-layer model from analysis of the CMIP5 models under
simplified forcing (instantaneous CO, quadrupling). For
reference, we display the three values for each parameter
used by Geoffroy et al. (2013a) in Table 1. Note that the
range of radiative feedback parameter A (Table 1) corre-
sponds to the range of f,, =~ 0.8 and f,,;; = 0.47 for the
dimensionless feedback factor f, which is used in our model
instead of /. We also want to explore sensitivities of our
model to parameters outside this range, both for reference
purposes, and also acknowledging that credible values in
the climate system may lie outside the values found by
Geoffroy et al. (2013a). Table 2 lists the maximum,
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y and (d) lower layer effective heat capacity Cp. The bold line indicates the range of parameter values obtained from analysis of the

CMIPS models (Geoffroy et al.,2013a).

minimum and base values of all two-layer model parame-
ters used in calculations.

Figures 1 and 2 give a general representation on the
impact of all model parameters on the surface tempera-
ture variance (3772). Before proceeding to the analysis of
these figures, it is important to note that both the magni-
tude of calculated surface temperature variance and the
estimated impact of one or another model parameter on
the behaviour of (372) in the parameter space strongly
depend on the ‘climate timescale’ considered.

To explore how the model reproduces climate variabil-
ity from annual to multi-decadal timescales under the
influence of stochastic radiative forcing, we calculated the
surface temperature variance as a function of the upper
layer heat capacity. This was chosen, as we would expect
this to set the timescale of response, over short time peri-
ods at least to vary sensitively with this variable
(Gregory, 2000). Figure la (red curve) presents the
dependence of (672) on the parameter C, assuming that

1 - T '
— (_-'—76“’%;1 m 2K ! :
20 ey C'*'ZUW’}_E!‘ m 2K ! ]
— C=30Wyrm *K!
Né 15
s
N 10|
:“:D
—
5t
0 A ]
0.0 0.2 0.4 0.6 0.8
Parameter o, (Wm ?)
Fig. 2. Surface temperature variance as a function of parameter

os. The bold line here is the calculated range from the CMIP5
models listed in Geoffroy et al., (2013a).
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Table 3. Calculated surface temperature variance {872) for various values of the upper layer effective heat capacity C and the inter-
annual, decadal and multi-decadal surface temperature variances obtained from the CMIP5 models.

C(Wyr m2 K™

5 10 15 20 25 30 40
Calculated variances (67%)(K?)
Base parameter values 0.0117 0.0079 0.0059 0.0040 0.0030 0.0024 0.0021 0.0016
Base values except y = 0.9 0.0106 0.0071 0.0054 0.0037 0.0028 0.0023 0.0019 0.0015
Base values except y = 0.9 and Cp=200 0.0105 0.0071 0.0053 0.0036 0.0027 0.0022 0.0018 0.0014
Base values except y = 0.9, Cp=200 and g5 = 0.4 0.0080 0.0053 0.0040 0.0027 0.0020 0.0016 0.0014 0.0011
Variances (672)(K?) from CMIP5 models

Inter-annual Decadal Multi-decadal

0.00701 0.00212 0.00071
all other parameters hold their base values. This figure timescales. This is because increasing 7y effectively

shows that the variance (372) is subject to decrease when
the parameter C is growing, that is when the timescale of
climate processes increases. (Equation (18) reveals that
decreasing rate is in fact proportional to 1/C°, since ACp
> 9C.) Thus, the model behaves qualitatively as we
would intuitively expect: (1) the dependence of the surface
temperature variability on the climate timescale is nonlin-
ear and (2) the magnitude of (6T2) decreases when the
climate timescale increases (see Manabe and Stouffer
(1996) and Section 2.2). Recall that in our model the
timescale is defined by the effective heat capacity of the
upper layer (e.g. Schwartz, 2007; Knutti et al., 2008).

Figure la also shows four additional curves that cor-
respond to the values of 0.2, 0.4, 0.75 and 0.8 for the
dimensionless feedback factor f. For a given ‘climate
timescale’ (i.e. value of C), the surface temperature vari-
ance increases when the feedback factor f increases.
Thus, analogous to the case for forced climate change
(e.g. Bony et al., 2006), the uncertainty present in the
feedback factor f* (e.g. Colman and Hanson, 2017) has a
marked effect on the modelled climate variability, par-
ticularly for high values of f.

Figure 1b shows that the impact of the parameter /' on
the surface temperature variance depends on the climate
timescale considered: the shorter the timescale, the greater
the surface temperature variance (at a given value of the
parameter f). This seems to suggest that uncertainties in
radiative feedbacks are more important for driving differ-
ences in short timescale variability than long. This matter
will be discussed further below, when we analyse relative
sensitivity coefficients.

The heat exchange parameter, y, also noticeably affects
the climate variability, as shown in Fig. 1c, and this influ-
ence increases, as expected, as C decreases (i.e. as the
depth of the upper layer decreases, or the timescale of the
upper layer increases). For increasing 7y, there is a
decrease in surface temperature variance for all

increases the depth of water responding to the stochas-
tic forcing.

A less significant effect on the climate variability of
various climate timescales is provided by the parameter
Cp (Fig. 1d). For a particular climate timescale, the influ-
ence of change in Cp on (67?) is insignificant, except per-
haps for very low values of Cp (which are unrealistic in
the models, given it represents the lower ocean). We
might expect greater sensitivity to Cp for larger values
of .

Figure 2 displays the influence of radiative stochastic
forcing a; on the surface temperature variance for differ-
ent timescales. Since the dependence of (672) on oy is
quadratic (see Equation (18)), the uncertainty in stochas-
tic forcing can produce a significant uncertainty in the
model output.

We now compare the EBM variability with variability
in the CGCMs. To do this, we first set the variance of
the stochastic forcing to the mean of the CGCM values.
Verifying the calculated temperature variance against the
PI inter-annual, decadal and multi-decadal variances (see
Section 2.2), we conclude that the model can quite realis-
tically simulate the inter-annual and decadal climate vari-
ability (see Table 3) using standard settings of all
parameters, with changes to C alone. However, for these
‘base’ parameter values, the multi-decadal temperature
variance is twice the value evident in the CMIP5 models.
By changing parameters y, Cp and g;, it is possible to fit
the multi-decadal variability to the surface temperature
variance obtained from analysis of the CMIP5 models to
some extent. Table 3 includes some results calculated for
different values of y, Cp and a;, which, however, belong
to the range of values obtained by Geoffroy et al
(2013a). This illustrates two things. First, the EBM can
be ‘tuned’ to represent variability simulated by the CGCMs
across a wide range of timescales. This is analogous to the
tuning that was carried out by Geoffroy et al. (2013a) for
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Sensitivity of surface temperature variance to (a) upper layer effective heat capacity C, (b) feedback parameter f, (c) parameter

y and (d) lower layer effective heat capacity Cp. The bold line indicates the range of parameter values obtained from analysis of the

CMIPS models (Geoffroy et al.,2013a).

forced climate change. Second, the model temperature
variance is sensitive to the choice of parameters, but that
sensitivity depends in turn on the baseline selection of
those parameters. As the aim is to use the EBM to under-
stand the relationships between variability at different
timescales and response to forced climate change in
CGCMs, we need to systematically explore our model
sensitivity to parameter settings. That sensitivity can be
estimated via ‘sensitivity coefficients’ (19). If dp; is a small
variation in the model parameter p;, the change in the
surface temperature variance A(67?) induced by dp; can
be estimated to a first-order accuracy in the following
way:

AGT?(@pi))~(0T* (p; + 9pi)) 0T (7)) ~0piSy |, -
2D

Calculated sensitivity coefficients with respect to the
model parameters are illustrated in Figs. 3 and 4 for dif-
ferent climate timescales. As shown in these figures,

6 T . T '
—— C=75Wyrm K :
rl\; e C'ZZUW'}%rm ARt
B —— C=30Wyrm ’K '
;__ 4F — C=40Wyrm IR _
U :
u:c
K
=
>
e
=
1%
=
a
)
0 L -
0.0 0.2 0.4 0.6 0.8
Parameter ¢, (W m™?)
Fig. 4. Sensitivity of the surface temperature variance to

parameter g,. The bold line here is the calculated range from the
CMIP5 models listed in Geoffroy et al., (2013a).
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Table 4. Changes in the absolute value of surface temperature variance A{372) caused by variations in model parameters whose

absolute values dp; deviate 5% from the base values p;.

Parameter C (Wyr m 2K f »yWm2KYH) ¢p (W yr m2KY) ¢, (Wm?
Variation in absolute value of parameter op; 0.3750 0.0320 0.0350 5 0.0230
Change in A{6T2) 3.87x107* 450x107™*  1.40x107* 6.54 % 107° 7.86 x 107*
(a) (b)
-0.85 — ; - 3 : —
: : — C=75Wyrm K™
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Fig. 5.

Parameter Cp, (Wyrm * K')

Relative sensitivity of surface temperature variance to (a) upper layer effective heat capacity C, (b) feedback parameter f; (c)

parameter y and (d) lower layer effective heat capacity Cp. The bold line indicates the range of parameter values obtained from analysis

of the CMIP5 models (Geoffroy et al.,2013a).

coefficients Sy and S, are positive, while all others are
negative, which indicates that the infinitesimal perturba-
tions in these parameters lead to positive (negative)
changes in the surface temperature variance (372).
Furthermore, all sensitivity coefficients are nonlinear
functions of the corresponding parameters with the excep-
tion of gy (the standard deviation of the stochastic forc-
ing). Importantly, the effects of variations in parameters
C, f, vy and gy all decrease in magnitude with the climate
timescale considered, with only Cp increasing. This can
be understood as the absolute variance decreases with
timescale, so that given parameter changes are less effect-
ive in changing temperature variance. For Cp, this is not

the case because the deep ocean is seen less at
shorter timescales.

Each sensitivity coefficient, as shown in Figs. 3 and 4,
varies noticeably in the range of the corresponding par-
ameter. Therefore, the same parameter changes induce
different changes in (372) at different parts of the param-
eter range. For example, if 6C =0.3750W yr m™2 K™/,
which is equal to 5% change with respect to the base
value, then for inter-annual timescales we obtain
A{3T?) ~3.78 x 10* K2, while for decadal — A(6T?) =
145%x 107* K> since the sensitivity coefficient Sc
decreases in absolute value 1.01 x 107%  to
1.45 x 107™*, that is decreases by almost an order of

from
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magnitude. To some degree, a similar pattern emerges for
the remaining parameters. For instance, when the feed-
back factor increases from 0.4 to 0.8, then it can be seen
the increase in A{d72) is almost a factor of 10 — from
1.36 x 107 to 1.18 x 1073 K? because of the growth of
the sensitivity coefficient from 0.68 x 1072 to 2.95 x 1072

Sensitivity coefficients allow us to estimate the influ-
ence of model parameter uncertainty on the uncertainty
of calculated surface temperature variance, but the abso-
lute effects depend on the scale of the parameter being
varied. To assess the relative effects of parametric uncer-
tainty, we shall assume that the parameter variations are
5% of their base values, that is dp; = 0.05 x p?. Table 4
shows how the absolute value of surface temperature
variance changes when model parameters deviate 5%
from their base values. It follows from this table that
the changes in A{6T?) due to changes in the parameters
C, f, v and o, are quantities of the same order; how-
ever, the effect of variations in o, is almost twice as
large as the others. The influence of variations in
the parameter Cp on changes in (972) is about two
of magnitude less than affects caused by
other parameters.

Along with the absolute sensitivity coefficients ana-
lysed above, we also calculated relative (normalised) sen-
sitivity coefficients Sl’j which allows one to quantitatively
assess the relative influence of a parameter change on the

orders

Table 5. Relative sensitivity coefficients calculated for annual,
decadal and multi-decadal surface temperature variability.

Parameter C Cp f Y s

Annual variability -0.97 -0.02 1.14 -0.36 2.00
C=75Wyrm > K'

Decadal variability -0.94 -0.04 121 -0.32 2.00
C=20Wyrm?2K"™!

Multi-decadal variability  —0.91 —-0.05 1.26 —-0.29 2.00
C=30Wyrm2K!

Multi-decadal variability -0.89 -0.07 130 -0.27 2.00

C=40Wyrm2K"!

surface temperature variance and, consequently, rank the
parameters in accordance with their degree of influence
on A(6T?). The graphs of relative sensitivity coefficients
with respect to parameters C, f, y and Cp are plotted in
Fig. 5. There is inherent nonlinearity in all coefficients
and the coefficients themselves vary significantly in the
range of their values. In contrast, the relative sensitivity
coefficient SX is independent of the parameter o,: SX =2
for all a;. Table 5 presents values of relative sensitivity
coefficients calculated for different climate timescales.
This table shows that the stochastic forcing variability
has the largest rank for all timescales. Feedback param-
eter and upper layer effective heat capacity rank second
and third, respectively, followed by heat exchange coeffi-
cient y and lower layer effective heat capacity Cp. With
increasing climate timescale, the coefficients S¥ and Sf
decrease, while the coefficients Sf and SgD, in contrast,
increase. This confirms then that for this model the radia-
tive feedback is more important for setting variability for
long timescales than for smaller. The upper layer ocean
depth also becomes less important, which is understand-
able as the relative importance of the deep layer increases
with increasing timescale. Radiative feedback parameter
remained important at all timescales.

The results discussed above are for the base values of
model parameters. However, a key question is how the
range of model parameters found from fitting GCM
results (Geoffroy et al., 2013a) contributes to the range of
variability found in the GCMs. Table 6 shows the spread
in global mean surface temperature variance (372) taking
the variables C, Cp, f, y and g, at their base values,
then varying each parameter in turn across the range
found by Geoffroy et al. (2013a) (or as derived here for
o,). The largest impact comes from o, (0.01 K?) followed
by the upper layer heat capacity C and feedback param-
eter 4 at around half the value (0.0056 K* and 0.0053 K>
respectively). The impact of the diffusion parameter range
is around half the value again. Finally, the range in the
deep ocean heat capacity is the least significant,
at 0.0002 K>,

Table 6. Surface temperature variances (072) (K?) calculated for maximum and minimum values of

model parameters.

Parameter For max. parameter value For min. parameter value Difference (absolute value)
CWyrm 2 K™ 0.0069 0.0125 0.0056
y(Wm2K™ 0.0064 0.0088 0.0024
A (Wm™2 K™ 0.0059 0.0112 0.0053
Cp(Wyrm2K™) 0.0078 0.0080 0.0002
o, (Wm™2) 0.0134 0.0033 0.0101

The values for C, y, 2 and Cp are obtained from analysis of the CMIP5 models (Geoffroy et al., 2013a), and the

values for o, are from this study.
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4. Concluding remarks

Global mean surface temperature variances simulated by
CMIP5 CGCMs deviate from each other substantially,
on inter-annual, decadal and multi-decadal timescales
(e.g. Colman and Power, 2018). The understanding of
‘natural’ causes of climate variability and the role of vari-
ous physical mechanisms in the formation of climate vari-
ability therefore represent key challenges of climate
science. In this article, we evaluate the effect of random
radiative forcing and the relative roles of feedbacks,
ocean heat uptake and climate system thermal inertia on
the formation of ‘PI’ annual, decadal and multi-decadal
climate variability. The main tool of this study is a simple
two-layer energy balance model (EBM, e.g. Gregory,
2000), in which climate variability is associated with the
global mean surface temperature variance, and the cli-
mate timescale is determined by the model parameters.
The EBM we use includes stochastic radiative forcing, an
upper ocean layer, deep ocean heat uptake via a diffusive
parameter, a deep ocean layer and radiative feedbacks.
We derived the Fokker—Planck equation corresponding
to the forced EBM, and we derived the analytical expres-
sion for the surface temperature variance in terms of
these model parameters. We then compared the global
mean surface temperature variance on inter-annual, dec-
adal and multi-decadal timescales, with their counterparts
in CMIP5 CGCMs forced under ‘PI’ conditions. We
found that the EBM can represent the magnitude of the
surface temperature variance with appropriate parameter
settings, although an adjustment of the upper layer depth
was important for setting the timescale of the variability.

A key aim of the study was to understand the relative
importance of parameters uncertainty, and in particular,
uncertainty in the radiative feedback, to the range of vari-
ability implied by the EBM. We found that for all but
extremely long timescales, the most important parameters
were in descending order: the magnitude of the stochastic
forcing, the radiative feedback parameter, the depth of
the upper ocean layer, the diffusion parameter and the
depth of the deep ocean layer. However, the relative
importance of these parameters varied strongly across
timescales, as the timescale lengthened fractional changes
in the feedback parameter and depth of the deep ocean
became more important, and the depth of the upper
ocean and diffusion parameter less so.

Finally, we compared the range of temperature variance
that is implied by the range in model parameters obtained
from the study of Geoffroy et al. (2013a) from fits of a similar
two-layer model to climate change experiments (and using
the range of stochastic radiative forcing derived here from the
same subset of CGCMs). We found that the range of stochas-
tic forcing implied approximately twice the range of

temperature variance as implied by each of the feedback and
upper ocean layer depths (which had a roughly equal magni-
tude). The variation in the diffusion to the deeper ocean was
found to be around half as important again, and the deep
ocean depth unimportant. This implies that radiative feed-
backs play an important, but not dominant, role in setting the
range of temperature variation across the CMIP5 CGCMs. It
underscores that more research is therefore needed to under-
stand the relationship between tropical temperature variance
and climate sensitivity found by Colman and Power (2018). If
this relationship is found to be robust, then radiative feed-
backs may be critical in setting the magnitude of both climate
sensitivity and tropical temperature variance.

Of course, there are important caveats to our conclu-
sions. The most important is of course that the EBM is
highly simplified and while we can tune the EBM to rep-
licate CGCM variability, the EBM might be simulating
the right level of variability for the wrong reasons.
Another is that despite the similarity in overall magnitude
of radiative feedbacks under climate change and variabil-
ity (Colman and Hanson, 2017), they may differ suffi-
ciently in pattern that they drive very different global
temperature response to variability and climate change
(Xie et al., 2016). Also of course, the effect of the param-
eter changes on variance will depend on multi-parameter
combinations, and not on the changes to single parame-
ters undertaken here. Nevertheless, the results here indi-
cate that further research is needed to understand the
relationship between climate sensitivity, climate variability
and the time rate of temperature change during transient
climate change (e.g. as measured by the TCR). A further
study will address these issues.
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