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Auxiliary online material to Kuhlbrodt and Gregory, “Ocean heat uptake and
its consequences for the magnitude of sea level rise and climate chahge

Attribution of inter-model variance in TCR and OHU

If a quantity f (x) is a function of several parametegs which have uncertainties quantified by their
variances vai;) and covariances cox, Xj), these uncertainties propagate to give

2
var(f) = Z (aa—)i) var(x) + ZZS—;;—;cov(xi, Xj).
i ! i

The TCRTyx = Fox/(k+a) is afunction of the three parametéfs, x, a). After exclusion of two
models, as discussed in the text, these parameters hagasifitsint correlation, so their covariances
can be neglected.

In that case, the variance can be apportioned among the panThe part of the variance 6f
due to parametex; is (of /0x;)2var(x;). This can simply be estimated as the variancé abtained
asx; is varied while all thexj are held constant at their mean values. Denoting a medh dnyd
recalling the definition of vax) = ((x — (x))?), this partial variance is

VR  SUREUIN | S WEUEUNC 45 A %
((F(Xi, X = (Xji)) — () >_<((XI <XI>)6X') >_<(XI (Xi)) >(8Xi) s

|
which is the required quantity since the first bracket cambatified as vak; ). Thus, we can estimate
the uncertainty in TCR due toalone by evaluating the variance i / (x + «) from varyingx over
the values it takes in the model ensemble while holdiag anda at their ensemble-mean values
(Fax) and(a).
In the 1% CQ experiment, the forcinge = F,4t/70 fort in years, and the rate of ocean heat

uptake
Kt

=
Ko la KK-l—OC 2xx—|—a70

with time-integrated OHU

t2 K
H= [ Ndt=—F .
/ 140 *x + a

At the time of doubling = 70,
K

H = H2X == 35F2x

K+ a

The uncertainty due te in Hyoy can be estimated as for the TCR by varyingnd keepind-»» and

a constant. Because the sample has a finite size, the sampleacwes are not exactly zero, even
though we assume that in the theoretical infinitely largeutepon of models the parameters would
be independent. Therefore the partial variances do not packactly to give the total variance. The
decomposition of variance can only be regarded as appré&initas useful to give an indication of
the relative importance of different sources of model utasety.

In the case where covariances are not zero, we cannot ampte variance of among thex;.
We need to know the covariances in order to estimatéfyairom var(x). One application of this is
to estimate the variance éf, from the variances of and TCR, which are correlated parameters.
Recalling thaflox = Fox /(x + ) and defininggx = x — (x), we have

F2xK>_<F2x<K>>_<FZX(K_<K>)>
K+ a K+ a N K+a

coV(x, Tox) = (kTax) — () {Tax) :<
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(k + a) + 0k + da

-1
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1- — oK
K+ a K+OC> (k + a) (k +a)
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to first order in small quantities, becaugé>, dx) = 0 and(da dx) = 0 by the assumption that these
parameters are independent. Thus

COV(K> T2X) = -

T
2 var(r),
a

using the formula foiT2, and the definition of variance, and dropping theotation. It is negative
because and TCR are anticorrelated.

Defining H1 = x Tox (= Hax /35) for convenience and using the general formula for propagati
of uncertainty,

oH1 \? oH1\? 1 oH
var(Hp) = (aT 1) var(Tox) + (a—Kl) var(x) + 2 —100v(T2X, K).

2% T2X (37{
Then sinc&@Hy/0Tox =k andoHy/0x = Tox,
var(Hy) = x?van(Tyy) + TZ var(x) — 2T2, —— — —var(x)

2 2 o —K
= xvar(Ta) — T, S Kvar(zc)

The model runs: scenarios and drift

For most of the calculations we used the scenarios with a d&8t/increase of atmospheric €O
This has the advantage that differences in forcing acrassribdels are small. However, for the
CMIP3 models more data were available for the historical 20@8Mithe future SRESA1B scenarios.
Therefore we used these data for Fig. 4 in the main text.

Some of the model runs have long-term temperature trendst()dhat reflect the model’s path
into statistical equilibrium rather than real-world clitegrocesses. We have excluded drift from our
analysis, for all models, by subtracting the respectivéspairthe control run. For instance, the ocean
heat uptake in Fig. 4 (main text) was calculated as

OHU = AOHCscenario_ AOHccontrol
[OHchnari&ZJ-C) - OHCscenari&ZOC)] - [OHCcontrol(zj-Q - OHCcontroI(zoc)]

where OHC is the vertical integral of potential temperatumdtiplied with the heat capacity of sea
water and a reference density, and “21C” and “20C” denote 20-geerages over the periods 2080-
2099 and 1980-1999, respectively.

For calculations based on the 1%/yearf{30enarios the calculation is simpler because they start
directly from the control runs. To subtract the drift it iSfszient to subtract the respective part of the
control run.



Table 1: Forcing at the time of C@doubling Ry (in W m=2), climate feedback parameter(asy from 4xCQ, andai, from 1%CGQ/year runs), ocean heat uptal
efficiencyx, climate resistancg (all in W m=2 K—1), transient climate response (in K) and expansion efficiency ofhéatm YJ1) for the CMIP3 models (with
numbers, data fat1,, « andp from Gregory and Forster, 2008) and the CMIP5 models (with letters). For the CMIP3 modelsaRdasy could not be diagnosed.

Model a1p K p TCR € Model Fox  aax  a1p K p TCR €
1 bccbem20 — — — — — | A ACCESS1.0 291 0.75 073 0.67 140 1.98 —
2 cccmacgem31t47 128 055 183 190 0.139B BCC-CSM1.1 337 120 122 056 178 1.76 —
3 cccmacgecm31 t63 — — — — — | C CNRM-CM5 368 113 1.13 0.46 159 2.08 0.107
4  cnrmcm3 1.60 058 2.18 1.60 0.098D CSIRO-Mk3.6.0 256 0.62 072 063 135 178 0.116
5 csiramk3.0 160 083 244 140 0.112 E CanESM2 381 1.03 103 049 152 241 0.120
6 csiramk35 — — — — — | F GFDL-CM3 297 0.74 074 065 139 195 —
7 gfdl.em20 196 064 260 160 0.119G GFDL-ESM2G 3.01 124 173 084 257 1.05 —
8 gfdl.cm21 1.74 0.73 248 150 0.120H GFDL-ESM2M 337 138 169 086 256 1.34 —
9 gissaom — — — — 0.115| | HadGEM2-CC — — — — — — 0.114
10 gissmodele_h 146 0.77 223 160 0.124 J HadGEM2-ES 289 0.62 061 046 107 250 0.112
11 gissmodeler — — — — 0.101] K INM-CM4 3.02 146 138 0.71 210 1.29 —
12 inmcm30 1.77 048 224 160 0.109L IPSL-CM5A-LR 3.15 0.78 082 062 145 204 0.092
13 ipsLcm4 1.03 070 1.73 210 —M IPSL-CM5A-MR 327 079 084 061 145 203 0.098
14 miroc32_hires 0.87 056 143 260 0.12ZIN MIROC-ESM 424 091 111 0.70 181 216 0.118
15 miroc32_medres 097 0.81 177 210 0.1160 MIROC-ESM-CHEM — — — — - — 0.117
16 miuhechag 156 0.27 182 1.70 —+ P MIROC5 410 150 178 081 259 151 0.118
17 mpiecham5b 1.01 066 167 220 0.130Q MPI-ESM-LR 406 1.11 123 0.61 185 206 0.127
18 mricgcm23_2a 123 041 163 220 0.102R MPI-ESM-MR 404 116 135 050 1.85 204 —
19 ncarccsm30 184 067 251 150 0.118 S MRI-CGCM3 3.10 117 138 054 192 156 0.122
20 ncarpcml 208 045 252 130 0.117T NorESM1-M — — — - — — 0.118
21 ukmahadcm3 1.09 053 1.62 2.00 0.114
22 ukmahadgeml 1.27 056 1.87 1.90 —
mean 143 060 204 181 0.116 mean 3.37 104 115 064 179 183 0.113
SD 0.37 0.15 0.38 0.35 0.011 SD 050 0.28 0.36 0.12 0.45 040 0.009
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Figure 1: Vertically integrated ocean heat uptake (colour shading; in G3 i the ensemble mean of the
1%CGQ/year runs of 10 CMIP3 models for (a) the total water column, (b) the upgpérm and (c) below
2000 m. Thick black line: zonal total in #0J nT* (scale in the upper left corner), withl standard deviation
(dotted). Note the different scales in (c). Thin black contours showetti@R of ensemble mean and ensemble
standard deviation as in Fig. 4 in the main text. The Southern Ocean dominataspkeke while the deep
water formation regions cool down.
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Figure 2. As in Fig. 1, but for the ensemble mean of the 1%@@ar runs of 12 CMIP5 models. Note the
similarity of the geographical distribution of OHU with the CMIP3 ensemble meaweder, the spread of the
zonal total is smaller.



