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ABSTRACT
A two-pattern decomposition of the mean surface air temperature response to an increase of CO, is assessed.

This decomposition is based on a two-layer global energy-balance model and the hypothesis of separability

in space and time. It is shown that this decomposition allows the regional transient warming of a given
atmosphere—ocean general circulation model to be well represented. The pattern decomposition is applied to
16 CMIPS5 climate models and each of the two retrieved patterns — the equilibrium pattern and the pattern

associated with the deep-ocean heat uptake — is described and discussed.
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1. Introduction

Energy-balance models (EBM) can be used to emulate the
global-mean surface-air temperature response of a given
coupled atmosphere—ocean general circulation model
(AOGCM) to an externally imposed radiative perturbation
and to analyse the key mechanisms at play in this response.
It has been shown that two time scales (and an instanta-
neous response) resulting from the low inertia of the
near-surface ocean and the large inertia of the deep ocean
allows a good representation of the main behaviour of the
transient response as simulated by climate models, that is,
the response of the global surface air temperature is well
described by a two-layer energy-balance model (Held et al.,
2010; Geoffroy et al., 2013a, 2013b) (thereafter H10, G13a
and G13b). Using climate models that participated in the
fifth phase of the Coupled Model Intercomparison Project
(CMIP5, Taylor et al.,, 2011), G13a,b show that it is
possible to calibrate the parameters of such EBM from
an abrupt CO, experiment to reproduce the responses to a
gradual increase of CO».

However, such EBMs allow the response at the global
scale to be described, whereas the climate response has a
non-uniform geographical structure. The pattern scaling
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technique has been proposed first to extrapolate a transient
regional response from the equilibrium regional response
(Santer et al., 1990). This method has then been used to
represent the response of temperature or other variables
to a wide range of greenhouse gas emissions scenarios
(e.g. Mitchell et al., 1999; Harris et al., 2006; Frieler et al.,
2012; Ishizaki et al., 2013). These methods rely on one
single pattern of decomposition, alternatively with an addi-
tional pattern to take into account the aerosol forcing (e.g.
Schlesinger et al., 2000).

The use of one single pattern may be limited to represent
scenarios with forcings of significantly different amplitude
(Huntingford and Cox, 2000), stabilisation and long-term
integration (Mitchell, 2003). Indeed, the equilibrium and the
transient regional temperature responses are characterised
by different typical patterns that have been investigated in
the literature (Manabe and Stouffer, 1980; Manabe et al.,
1991). By analysing a particular AOGCM and using an
instantaneous abrupt return to preindustrial forcing, H10
highlight a two-pattern decomposition of the transient
temperature response and discuss structural differences
between the fast and the slow components of the regional
response. Their results suggest that an EBM framework
combined with a two-pattern decomposition could be used
to emulate the regional transient climate response (TCR).

The purpose of this article is to investigate the validity
of an EBM time—space decomposition in predicting the
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regional climate response for any AOGCM and any CO,
increase scenario. The decomposition used in this study is
presented in Section 2 and validated in Section 3 by using
CMIP5 1% yr ~' CO, experiments. In Section 4, the two
patterns resulting from the decomposition are described
and discussed for the CMIP5 AOGCMs studied.

2. Framework and method

2.1. Decomposition of the global response

Within the framework of the two-layer EBM described in
H10 and G13a,b, the heat content change of the upper
layer dh(¢)/dt is expressed as

dhy, - _ . _

?(z) =F(t)—2AT(t) — (e—1)H(t) — H(t), (1)
where F is the adjusted radiative forcing, H the deep-ocean
heat uptake, AT the global-mean surface air temperature
response, A the equilibrium radiative response parameter
and ¢ the efficacy factor of deep-ocean heat uptake. Each
term in eq. (1) represents a global-mean quantity (denoted
by an overline). The sum —AAT (t)—(e — 1) H(t) represents
the radiative response of the climate system.

Equation (1) can be rewritten noting that the global-
mean surface air temperature response is the sum of an
equilibrium mean surface air temperature response ATW(I)
associated with the adjusted radiative forcing F(z) and
two mean surface air temperature responses AT () and
AT (1) associated with the upper- and the deep-ocean heat
content changes, respectively:

AT(t) = ATeq(l) + ATU(Z) + AT (1), 2)
with
AT (0 = F (), ®
_ _ Ldhy()
ATy () =~ L, @
AT (1) =~ 11(1). )
Ap

The radiative response parameter associated with the deep-
ocean heat uptake, Ap =A/¢, is different from the equili-
brium global radiative response parameter A because the
pattern of the response is different from that of equilibrium
and because feedbacks vary geographically (Winton et al.,
2010). The different nature of the ‘forcings’ (the radiative
forcing and the deep-ocean heat uptake) at play may also
be a cause of difference in the strength of the feedbacks.
The analytical solutions of AT, and AT, for an abrupt
forcing and a linear forcing (i.e. a 1% yr~' CO, experi-
ment) scenarios are given in G13b (see also their Fig. 1).
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Fig. 1.  Multimodel mean and temporal mean (over the

70-140 yr period) of RMSE(#) (solid circles) and RMS,.(7)
(squares) for different spatial resolutions (a) and temporal
evolution for individual AOGCM values (grey lines) and
multimodel mean (thick line) of the bias B(¢) (b) and the
root-mean-square error RMSE(?) (c) for the 16 x 32 grid.

It is noteworthy that the amplitude of AT is small after
several years for an abrupt CO, forcing or for a gradually
increasing forcing. Therefore, most of the deviation from
the equilibrium response is due to AT, (i.e. due to the
deep-ocean heat uptake).

2.2. Pattern decomposition

Following G13b, we assume that the regional temperature
response AT(x, f) is the sum of the three regional responses
AT, (x, 1), ATy(x, 1) and ATp(x, ©) associated with F (),
—dhy(t)/dt and — H(¢), respectively:

AT(x,1) = AT, (x,t) + ATy (x,1) + ATp(x,1)  (6)

where x is the horizontal coordinate of a given region and
the quantity AT(x, f) is the average of the local temperature
response over this region.

Then, by assuming separability in space and time
(Hasselmann, 1993), each regional temperature response
is expressed as the product of a space-dependent function
(pattern function) and the corresponding time-dependent
global-mean surface air temperature change. The formula-
tion of the two-layer EBM imposing that the pattern asso-
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ciated with the upper-ocean heat uptake is equal to the
equilibrium pattern [note that this equality is imposed by
the initial conditions in the case of a step forcing (G13b)],
the regional temperature response reads:

AT (x,1) = 1,,(x)[AT,, (1) + AT, (1)] + rp(x)AT (1), (7)

where r.,(X) is the equilibrium pattern function and rp(x)
is the pattern function associated with the deep-ocean heat
uptake. These functions give the normalised spatial ampli-
tude of the warming associated with the adjusted radiative
forcing (in equilibrium) and with the deep-ocean heat
uptake. In this framework, the transient spatial warming
is the sum of the homothetic transformation of r.,(x) and
that of rp(x) of scale factor AT, (1)+AT (1) and AT (z),
respectively.

2.3. Method for determining the pattern functions

The parameters of the EBM are derived following the
calibration method described in G13a,b. This method is
based on linear (and multilinear) regressions using the time
evolution of the global mean temperature response and
of the radiative imbalance. For each individual AOGCM,
the values of the EBM parameters are obtained using the
annual mean temperature change of the abrupt 4 x CO,
experiment over the 150-yr period with respect to the
temporal mean value of the control simulation over the
same period. The analytical EBM responses AT, (1),
AT, (1) and AT (1) are then calculated according to G13b.

At each grid cell of coordinate x, and for each individual
AOGCM, the values of the pattern functions r.,(x) and
rp(x) are determined by a multiple linear regression of the
regional surface air temperature change AT (x,t) of the
climate model abrupt 4 x CO, experiment against the EBM
analytical global responses AT, (1)+AT (1) and AT (1),
respectively (see eq. 7). Note also that the first point of the
regression (1 =0) is associated with a large weight (and
AT(0) s set to zero) in order to ensure that the intercept of
each regression [and thus AT(x, 0)] is zero.

The method is applied to the 16 AOGCMs of the CMIP5
analysed in G13b.!

"The 16 models analysed are BCC-CSM1-1, BNU-ESM, CanESM2,
CCSM4, CNRM-CM5, CSIRO-Mk3.6.0, FGOALS-s2, GFDL-
ESM2M, GISS-E2-R, HadGEM2-ES, INMCM4, IPSL-CM5A-
LR, MIROCS5, MPI-ESM-LR, MRI-CGCM3 and NorESM1-M,
for which the values of the EBM parameters are provided in
Tables 1 and 2 of G13b.

3. Validation of the pattern decomposition

3.1. Method for validation

To evaluate the time—space decomposition of the TCR des-
cribed above, we compare the climate model regional res-
ponse AT{(x,t) in the 1% yr ~! CO, experiment (that has
not been used for calibration) to the corresponding pre-
dicted regional response AT(x, 7). For each AOGCM, AT{(X, f)
is calculated from eq. (7) with the EBM parameters and
the pattern functions derived from the 4 x CO, experiment.

To compare the AOGCM spatial pattern of the transient
response to the EBM predicted response, we first consider
(Section 3.2) two global mean metrics, the spatial mean of
the regional bias:

n,

B =1/n,Y [AT(x0) - AT(x0],  ©)

X

and the root-mean-square error (RMSE) of the spatial
response:

RMSE(¢) = \/ni i {AT(X, 1) — AT (x, ,)]27 )

X X

where n, is the number of grid points. The RMSE can be
compared to the root-mean-square of the surface air
temperature anomaly AT, in the pre-industrial control
experiments

RMS,, (1) \/ Z AT (x, 1)), (10)

which gives a measure of the spatial variability due to
internal variability. Note that these quantities are calcu-
lated using annual mean values.

As a second step (Section 3.3), we compare the spatial
pattern of the TCR. The results presented will focus on
the multimodel mean of these quantities. The individual
model results are plotted in the Supplementary file. Note
that over the 16 climate models studied, 15 are used in the

multimodel analysis. The INM climate model is excluded
because it is an outlier for the deep ocean specific heat
capacity (G13a). This may be due to the fact that it is
characterised by a cooling of the northern hemisphere
during the slow part of the temperature evolution (after
30 yr) of the abrupt experiment.

3.2. Sensitivity to the resolution

In order to investigate to what spatial extent the hypothesis
of time—space separability remains valid, the method is
applied to different spatial resolutions, including latitudinal
grids with 2, 4, 8, 16 bands of latitudes and latitude—
longitude grids with 2 x4, 4x8, 8§ x16, 16 x32 and
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(Left) Multimodel mean of the AOGCM regional transient temperature response TCR (mean over the period 55-85 yr of the

1% yr ~ ! CO, experiment). (Middle) Mean of the corresponding regional temperature responses as predicted by the EBM calibrated with
the AOGCM abrupt experiment, and the difference between the two (right).

32 x 64 grid cells. Note that for all resolutions, we use grid
cells of equal area.

Figure (1a) represents the multimodel mean and tem-
poral mean over years 70—140 of RMSE(7) and RMS,,«(7)
for grids of the different resolutions listed above. As
expected, the error increases for finer spatial resolutions.
However, for all resolutions, the error is close to RMS_(7),
indicating that most of the regional biases are due to
internal variability. Thus, the framework captures the
regional transient temperature response for all resolutions.
Hereafter, the resolution 16 x 32 is used.

The temporal evolution of the multimodel mean of B(¢)
and of the multimodel mean of RMSE(¢) are shown in
Fig. 1b, c (thick lines). Each individual model value is also
represented (grey lines). The global-mean of the regional
bias is equal to the bias of the global temperature response
(by construction). During the first years, the warming is
small: the bias is close to zero and the error is close to that
obtained with natural variability. Both B(r) and RMSE(¢)
remain small during the following 140 yr of warming,
indicating a good representation of the regional tempera-
ture response.

The bias and the RMSE slightly increase over the first
half of the 140 yr and slightly decrease over the second half
of the period as is the case at the global scale (see Fig. 2 in
G13a). This may be due to the lack of intermediate time
scales in the two-layer EBM, as pointed by Merlis et al.
(2013). The decrease of both the bias and the error during
the second half of the experiment may be fortuitous or
may be due to the fact that the EBM is calibrated using the
abrupt 4 x CO, simulation. Thus, the parameters, such as
the adjusted forcing and the radiative response parameter,
may be better suited to representing 4 x CO, conditions.
Indeed, the assumption of perfect logarithmic dependence
between the adjusted forcing and the CO, concentration
may be limited or the radiative response parameter may
vary slightly with the climate state.

3.3. Regional TCR

We now compare the geographical distribution of the
TCR (defined here as a 31-yr mean response centred over
the year 70, that is, the time of 2 x CO,) of the multi-
model AOGCMs to that predicted by the EBM time—space
decomposition. Figure 2 shows both regional responses
and their differences. The main features of the TCR,
North—South hemisphere dissymmetry, Arctic polar ampli-
fication, enhanced lands warming and strongly delayed
warming in southern oceans (Manabe et al., 1991; H10), are
well reproduced by the EBM time—space decomposition
estimation.

For individual models (Fig. S1), the differences between
the AOGCM response and the EBM-predicted response
exhibit larger spatial disparities, partly because the effect of
internal variability is enhanced by the use of only one single
member per climate model. However, the spatial distribu-
tions are generally in good agreement, even in regions
where the response differs from one model to another. It is
also interesting to note that in regions where abrupt
experiments show a slow cooling, the 1% yr—' CO,
response is well reproduced, with values at the end of
the 1% yr~' CO, potentially larger than those of the
abrupt 4 x CO,, as predicted by the EBM estimation (not
shown).

The North Atlantic Ocean constitutes the main region
of bias. Indeed, for most of the AOGCMs, in the abrupt
4 x CO, experiment, the temperature response exhibits a
non-linear behaviour in this region (not shown) possibly
due to the response of the Atlantic meridional overturning
circulation (H10; Ishizaki et al., 2012). The land surfaces
are also an important region of differences.

Note that the use of one single pattern in eq. 5 leads
to similar results, with a slight increase of the error in
the southern circumpolar ocean (see Fig. S2). This con-
firms previous studies, that, given an adequate represen-
tation of the global temperature response, a single pattern
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decomposition is able to represent the regional temperature
response. However, some studies also suggest that for
scenario with significantly different forcing amplitude, the
use of a single pattern may be limited (Huntingford and
Cox, 2000). A single pattern decomposition may also fail to
represent a long-term simulation such as a stabilisation, the
pattern in equilibrium being different from the transient
pattern (Mitchell et al., 1999; Mitchell, 2003). The two-
pattern decomposition described in this article should
counteract these limitations by distinguishing the pattern
associated with the radiative forcing and that associa-
ted with the deep-ocean heat-uptake. These two patterns
are presented in next section for the CMIP5 AOGCM
ensemble.

4. Pattern functions

4.1. Equilibrium pattern

Figure 3 shows the multimodel mean of the patterns 7,,(x)
and 7p(x). The pattern 7,,(x) associated with the adjusted
radiative forcing equilibrium exhibits well-documented
spatial structures. The enhanced warming over lands and
the polar amplification in both hemispheres (Manabe and
Stouffer, 1980; Manabe et al., 1991) are a robust pattern in
the climate models (except for the INM climate model).
Whereas the Arctic amplification is pronounced for all
models, the relative amplitude of the polar amplification
varies from one model to another. Further, the results
suggest a negative equilibrium temperature response in
the North Atlantic region for some AOGCMs (Fig. S3).
However, the time—space decomposition framework is
limited in this region, as noted previously. The robust-
ness of the equilibrium pattern is confirmed by the low
values of the intermodel standard deviation of r,,(x) (see
Fig. S4).

Due to the larger time scales involved, the EBM esti-
mation of the equilibrium pattern may differ from the real
equilibrium pattern of the climate model. In particular,
the southern circumpolar ocean current slows down the
warming at the millennial time scale and may impact the
strength of the feedbacks after several centuries of simula-
tion (e.g. Li et al., 2012). In such a case, r.,(x) has to be
considered as an apparent equilibrium pattern, providing
justification for the representation of the transition at the
centennial scale.

4.2. Pattern associated with deep-ocean heat uptake

In transition, the surface air temperature pattern is a
combination of r,,(x) and the pattern associated with the
deep-ocean heat uptake rp(x). At a time 7, the contribution
of each pattern depends on the amplitude of the adjusted

radiative forcing and of the history of the warming.
Because the contribution of the upper-ocean AT, is small
in comparison to that of AT, (dh,/dt << H, except during
the first years for an abrupt forcing case), the compo-
nent projected on r,,(x) increases roughly linearly with the
forcing, and most of the deviation from the instantaneous
equilibrium response is projected over rp(x). Since AT, is
negative, regions where rp(x) is greater than one represent a
lower warming relative to that of equilibrium and a larger
warming for regions where rp(x) is lower than one. For a
stabilisation or an abrupt forcing, ATW is constant and
AT, increases until zero: the spatial distribution of the
surface air temperature tends towards the equilibrium
temperature distribution.

Whereas the decomposition presented here differs from
that described in H10, the pattern rp(x) is similar to the
pattern of their recalcitrant component of global warming,
highlighted by performing an abrupt return to preindus-
trial conditions. Indeed, when the forcing is set instanta-
neously to zero, ATL,q—i—ATU decreases rapidly until zero,
AT, quickly changes sign and decreases slowly. As a
result, after few years, the regional temperature change is
AT (x,t) =rp(x)AT(t) with AT ,(£)> 0.

The multimodel mean of the pattern associated with the
deep-ocean heat uptake rp(x) and the multimodel mean
of the difference between rp(x) and r.,(x) are shown in
Fig. 3. The results for each individual AOGCM are shown
in Fig. S3. The results show a good agreement with the
pattern of the recalcitrant component of global warming of
H10. It is interesting to note that their pattern is similar to
that of the GFDL model (see Fig. 7 of H10 and Fig. S3).
The pattern of rp is relatively similar to the pattern of r,. If
the patterns were equal, it would mean that the deep-ocean
heat uptake slows down the warming everywhere in the
same proportion relatively to the equilibrium pattern.

Some differences can be observed in particular regions.
Whereas the warming is particularly delayed in the south-
ern circumpolar ocean (Manabe et al., 1991), it is relatively
larger over lands during the transition (H10). As discussed
in H10, the warming is also delayed in the ENSO region for
most of the AOGCMs (rp is larger than 1 for 11 models)
and in the multimodel mean. Some models exhibit negative
values of rp, mainly in the North Atlantic Ocean. As men-
tioned previously, the EBM decomposition appears not to
be not adapted to this region.

The intermodel standard deviation of the pattern rp is
larger than that of r., (not shown). However rp is asso-
ciated with a temperature response of a lower magnitude
than AT, and the intermodel spread of r, is small. Thus
one may expect that the intermodel differences of the
patterns contribute less to the spread of the regional
temperature response than the difference between the global
temperature responses. This question may be assessed by
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performing an ANOVA (e.g. Geoffroy et al., 2012) by
considering the patterns and the global mean temperature
response as variables.

5. Conclusion and perspective

In this article, we have shown that within an energy-
balance framework, and by using the assumption of
separability in space and time, we can derive a two-pattern
decomposition that gives a good representation of the
transient regional climate response to a gradual CO, in-
crease with a calibration from an abrupt experiment only.
The method has been validated by using 16 CMIPS5 climate
models. The main geographical features (over the southern
circumpolar ocean and the land areas) of the tempera-
ture response are well reproduced within this method. The
retrieved patterns are in very good agreement with previous
studies (H10). The main limitations of the EBM time—space
decomposition concern the North Atlantic Ocean and land
areas, highlighting some deficiencies of the EBM frame-
work. The reason for such discrepancies should be inves-
tigated. This decomposition may be valid for all type of
scenario, including stabilisation and long-term simulations.
Moreover, the results have highlighted some outliers in the
16 CMIP5 models such as the INMCM4 climate model
(and to a lesser extent FGOALS-s2 and CNRM-CM5
climate models) that shows a negative sensitivity to the heat
uptake in most of the North Hemisphere.

The use of two patterns should allow us to predict the
regional temperature response for all kinds of greenhouse
gas scenario at the centennial to the millennial scale. The
derived patterns could also be used as inputs for SSTclim
experiments to study the radiative response in equilibrium
and transient conditions. Another perspective of this work
is to investigate to which extent the response of other vari-
ables, such as the precipitation rate, are represented by
using such a pattern of decomposition. Moreover, the vali-
dity of this framework to other external radiative perturba-
tions (aerosols, solar) and to a combination of external
perturbations should be examined. If the use of one single
pattern is sufficient in representing the transient response of
idealised CO, experiments at the scale of few decades, using
a one- or a two-pattern decomposition should be assessed
for these other types of forcing. Moreover, recent studies
show that detection and attribution methods based on
temperature response patterns are not able to distinguish
the response associated with the 20th century greenhouse
gas increase and that associated with the aerosol forcing
(Ribes and Terray, 2013). A decomposition like the one
presented here could be used to help study the differences
in the pattern response associated with these forcings.
Thus, applications to climate sensitivity constraints or
detection and attribution studies could be envisaged.
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Fig. 3. Multimodel mean of the pattern functions 7,,(x) (top),
ip(x) (middle) and their difference (bottom). The correspond-
ing zonal mean is also shown for each pattern (red line, right
panels).
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