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In the debate on acceptable levels of climate change, apthforing adaptation
measures, stakeholders need regional-scale climate projacituding the range of
plausible warming rates. To assess the benefits of mdigatiis important to
understand whether some locations may see disproportionately hah warming
from additional forcing above targets such as'2 Khere is an urgent need to narrow
uncertainty in this nonlinear warming, which requires understanding how climate
changes as forcings increase from medium to high levels. Howgvantifying and
understanding regional nonlinear processes is challenging. Here wéhsttow
regional-scale warming can be strongly super-linear to sueegS§) doublings,
using five different climate models. Ensemble-mean warisisgper-linear over
most land locations. Further, the inter-model spread tendsampléied at higher
forcing levels, as nonlinearities grow — especially whenidensg changes per K of
global warming. Regional nonlinearities in surface warming artsa honlinearities
in global-mean radiative balance, the Atlantic Meridional @ramg Circulation,
surface snow/ice cover and evapotranspiration. In quantifying andstenaiding the
benefits of mitigation, potentially-avoidable climate chanbe (ifference between
business-as-usual and mitigation scenarios) and unavoidable dlimaaige (change

under strong mitigation scenarios) may need different treatments.

Linear assumptions affect stakeholder advice in variousWayBast simplified
modeld>7 (especially integrated assessment models), for quantifiingte change
under many policy scenarios, often assume climate changesartteefor each GO
doubling. Some studies make a less strong assumption: that regjimadé is linear

in global warming*® Also, studies of physical mechanisms often explore just one

time period of one forcing scenario. An implied linear assiwongtere is that the
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physical mechanisms are similar under other scenarias otHer time periods (not

necessarily true in a nonlinear system).

To quantify nonlinearities, the linear response must firsaefully defined. Even in
a linear system the spatial patterns of climate charegeJ@» doubling or per K of
global warming) can be different in different forcing scenaoiosvolve during a
given scenario. This is because of different timescalesspbnse within a systém
19 For example, warming over the Southern Ocean lags the gload’minerefore,
the spatial pattern of warming just after aZ&Bange is different than that several

decades later.

Our experimental design is chosen to separate linear and nontiaehanisms. We
use abruptCeexperiments, initialized from a pre-industrial control expent. The
CO, concentration is changed abruptly, then held constant for 150 y@aaling the
model response over different timescales. The abrupt4egg2riment (with CQ
guadrupled from pre-industrial levels) has similar forcing nmagei as a business-as-

usual scenario by 2180 The abrupt2xC@experiment is identical to abrupt4xgO

but with half the C@concentration (with forcing between that reached under RCP2.6

and RCP4.5 scenarios by year 20A transient forcing experiment (‘1pctGH
where CQis increased by 1% per year, is also used. We sithrt@gults from the

HadGEM2-ES climate model.

The abruptC@experiments are highly idealised. Therefore, we first shaivtheir
behaviour is comparable to the more policy-relevant 1pgegxPeriment, and detect

nonlinearities in the 1pctCOesponse. It is possible to use a simple linear



89 combination of abruptC£responses to estimate climate change under a transient
90 forcing experimertt*® This linear method performs well when the end of the
91 1pctCQ experiment (near 4xCis reconstructed from the abrupt4x£@sponse
92 (Figure 1b). This shows that the abrupt4dx@®periment features realistic physical
93 mechanisms. It does not mean that temperature responfiagaréconceptually, it
94 s like a local linear approximation to a curve). The imgoaece of nonlinearity is
95 revealed in the relatively poor performance when the alx@i2response is used
96 instead (Figure 1a); while for the middle of 1pctG@ear 2xCQ), the reconstruction
97 using abrupt4xCe®is much worse than that using abrupt2x@@mpare Figures
98 1c,d). The linear method is only accurate for periods itrémsient experiment with
99 forcing matching that of the abrupt@@xperiment: climate patterns are therefore
100 different for different CQconcentrations — which is evidence of nonlinearity.
101
102 Having detected nonlinearities in the 1pct@periment, we characterise them more
103 clearly by analysing the abruptG@xperiments directly. This experimental design
104 has two significant advantages over the 1pct€&@nario. First, temperature
105 responses in the two abruptgé€xperiments may be compared at the same timescale
106 after CQ is changed (eliminating complications due to linear effects fidferent
107 timescales of response). Secondly, noise from internal Vdgiabay be reduced
108 through long-term means. Assuming that the balance of mechanismd saatable
109 after the initial ocean mixed-layer warming, we average gears 50-149 of each
110 experiment (Supplementary Figure 1). For abrupt2xCO2, thesgeEdOneans
111 correspond roughly to the results for year 2100 of a CO2-onlyoveos$ircp4.5 (and
112 about double this for abrupt4xCQO2).

113
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We compare temperature responses to a first and secondoGkling. Current

linear methods that parameterise forcing (most integratedssmseat and energy
balance models) assume that radiative forcing is exactgim log(CO2) — and
equivalently, that each CO2 doubling produces the same forcing ¢harige
HadGEM2-ES, the two doublings give very similar forcing chaligeghe response
to the first doubling is given by abrupt2xg@®inus the pre-industrial control; that for
the second doubling by abrupt4xg@inus abrupt2xCeX(both are averaged over
years 50-149). We quantify nonlinearities by the 'doublingréiffee’: the response
to the second doubling minus that for the first (Figure 2a); and thelidguhtio': the
second doubling divided by the first (Figure 2b). Current lineadets would have

zero doubling difference everywhere.

The doubling ratio in global-mean warming is 1.18 (the secongddd@bling
produces more warming than the first). Global-scale nonlindaagybeen attributed,
in other models, to changes in water-vapor and cloud feedbacksenppy changes
in albedo and lapse-rate feedbdeRS In some climate models, variation in forcing
per CQ doubling would also affect the global doubling r&tid. Regional variation
in doubling ratio is broad, however: 5% of the land surface ldasilaling ratio
outside the range 0.9-1.65 (Supplementary Figure 5a). Gradig¢htsapubling ratio
across continents are strong (Figure 2b), notably over the Aaseaia Europe,

pointing to important regional mechanisms.

We scale out global-mean nonlinearity (Methods) and then focus oantiagning
features (see Figure 2c) one by one. The positive arba motth Atlantic, near

Greenland, appears to be associated with a nonlinear respohseMifintic
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Meridional Overturning Circulation (AMO@). In HadGEM2-ES, the maximum
Atlantic overturning near 30N weakens about 35% less under a Seéprabubling
than under the first (a positive doubling difference). We camate the effect on
surface temperature by scaling the regional temperatyrenss in a separate
freshwater hosing experiment (where freshwater is added toghdatitude north
Atlantic to induce AMOC weakening). We multiplied this temp@m®@response
pattern by the ratio: (doubling difference for AMOC indexAMQOC index response
in the hosing experiment). The resulting pattern (Figure 2d)résatunorth Atlantic
anomaly similar to that in Figure 2c. This suggests that the Adethtic nonlinearity
is indeed driven by the nonlinear AMOC response. AMOC nonliyeauay arise
from variation in the salt-advection feedback (which affectAM©C

strength)’. The AMOC transports heat to the North Atlantic, so a jwesitoubling
difference in the AMOC causes positive doubling differencégorth Atlantic

surface temperatures.

To reveal other nonlinear mechanisms, we subtract the Ald&tern (Figure 2d)
from that in Figure 2c. The residual (Figure 2e) is assmtiatth mechanisms other
than those in the global mean energy balance or the AMOCNGttle Atlantic

positive feature has been effectively removed.

The remaining high-latitude temperature nonlinearities ageliadriven by a

nonlinear albedo feedba@k® (which is dominated by changes in ice and snow cover).
It is nonlineaf” as it becomes zero when ice/snow is either absent bickahat its

extent changes little under warming. The patterns in the doublifegetite of sea ice

fraction (Figure 2f) match closely the high latitude pattefrisrmperature doubling
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difference (Figure 2e), with sea-ice albedo feedbacks driemgéerature nonlinearity

(supplementary material).

The final mechanism we study involves land evapotranspiratianl mBisture-
temperature feedbacks can be nonliffeéeedback is small when soil moisture is
saturated, or so low that moisture is tightly bound to the soilafim tegimes,
evaporation is insensitive to change in soil moisttiré)onlinear behaviour could
also occur through the response of plant stomata (and henceraospto
increased C&*, or through nonlinear precipitation chafitf@ To investigate this
type of effect, we calculate the ratio of mean surfaosible heat and mean surface
latent heat fluxes (the Bowen ratio) in the two abrupt€xperiments. Much of the
temperature nonlinearity over mid/low latitude land (Figurei2@pssociated with
change in the Bowen ratio (see Figure 2h). Regions where thenBato is
substantially larger at 4xG@han at 2xCQ(red in Figure 2h) have more restricted
evaporation: more incident heat is lost as sensible heatngdugher warming. This
does not occur where the Bowen ratio is already larger tla24CQ (e.g. the
Sahara, where most turbulent heat is sensible even at,2xTkese regions are
masked in Figure 2h. The most strongly superlinear warmingoower the
Amazon in this model (doubling ratios of 80% are driven by theorespof forest
tree stomata to CQOwith a longer-term response from reduced vegetation

productivity - supplementary material; these mechanismiigindy uncertain).

Further to our analysis of HadGEM2-ES we find that nonlineasisymilarly
important in four other climate models: NCAR-CESM1, IPSUSA-LR, MIROC5

T42 and HadCM3. These models show doubling ratios over land corgptaraihose
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in HadGEMZ2-ES (supplementary Figure 5a). Over most landdosatthe ensemble
mean doubling difference is comparable to the ensemble statelaadion for
warming from the first doubling (supplementary Figure 5b). T¥)ahe range of
warmings simulated by this ensemble is quite differenttferfitst and second GO
doublings. The models do show differences in spatial pattémsnbnear warming.
Consequently, the ensemble mean pattern (Figure 3) is smtwhehat of any
individual model. However, some continental-scale patternssaEua®pe, North

and South America and tropical Africa are similar betweegnrés 2b and 3.

Nonlinearity has implications not just for the ensemble meatmalbo for the spread
of model projections. In general, an increased spread at Hoghierg should be
expected: the relative importance of nonlinear mechanisms gvitvécreasing
forcing, so their contribution to model spread does likewise. Camaéptthis is like
including an extra uncertain process at highep G@idcentrations. This inflation in
model spread at higher forcing is large when nonlinearitiegrazertain
(supplementary material), and appears to be especiayardl for change per K of
global warming. We calculated the ensemble standard deviatregional warming
per K of global warming. Over 30% of land, the ensembleashiseat least 40%
larger for the second doubling than for the first doubling (not drivantbynal
variability — Supplementary Material). This corresponda tloubling of variance -
driven by uncertain nonlinear mechanisms. This finding is impoldantork
guantifying and reducing model uncertainty. It implies that ttktnal regional
warming under a business-as-usual scenario (over and abovedhaitigation
scenario) may be more uncertain than the warming under a naitigattenario - a fact

missed by previous linear impacts assessrhé&ftSecondly, different techniques
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may be needed to reduce model uncertainty in these twasaigihetimate change:
uncertainty from nonlinear mechanisms being relatively moreitapt at higher than

at lower forcing levels.

The mechanisms of nonlinear warming identified in HadGEM2-E& @pberate in the
other four models studied. All have a positive global-meapé¢eature nonlinearity
(Supplementary Table 1). As done for HadGEM2-ES, we saalglobal-mean
nonlinearity out and discuss regional patterns. Most of the rergai@mperature
nonlinearities over North-West Europe are associated with th@@Mhe magnitude
of this nonlinearity is predicted simply by scaling the Had@HEES hosing
experiment by the AMOC doubling difference from each m@@éigiure 4a). While
there is significant model spread in sea-ice nonlineariipgmentary Figure 6),
Arctic temperature doubling differences averaged acrodstnextra models align
closely with the sea-ice albedo doubling differences (Fighye) Awith patterns
similar to those for HadGEM2-ES (Figure 2f). Similar coemts apply to the
evaporation mechanism at lower latitudes (Figure 4d,e; Suppleméngure 7),
especially over the Americas, Africa and Arabia, althoughali@f the pattern is
explained this way (nonlinear dynamical processes and intenmabNi&y may also

contribute).

The implications of nonlinearity for individual studies will qgpéication-specific,
and should be considered alongside other issues, such as impactsimedainty.
Further differences in patterns of 'potentially-avoidable' and/aidable’ warming
may arise from linear mechanisms. The abruptCO2 expesmeatfpowerful for

separating mechanisms and identifying where nonlinearity isstaogesmallest.
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Where available, transient projections from state-of-thelmate models remain

preferable for direct policy advice.

Work is needed to reduce uncertainty in these nonlinear mechan3ums.
experimental design could usefully be applied to other models.e $ohey advice
based on linear methdtimay need to be reconsidered, while studies of physical
processes controlling both temperature and precipitatidshould account for a
different balance of mechanisms under different forcing scenarifos different time

periods.

Methods

HadGEM 2-ES model and experiments

The Hadley Centre Global Environmental Model version 2 Earth System
configuration (HadGEM2-ESY*®has an atmospheric resolution of 1.25x1°a
38 vertical levels, and & bcean (reaching 193ear the equator) with 40 vertical
levels. NCAR CESM1, HadCM3, IPSL CM5A-LR and MIROC® described in

supplementary Table 2.

All models ran a fixed-forcings pre-industrial control, and kadghruptCQ
experiments. Each abrupt@éxperiment was initialised from the same point in the
control run, and C@was abruptly changed (to twice pre-industrial levels for

abrupt2xCQ and four times for abrupt4xGJ) and then held constant for 150 years.

11
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The hosing experiment, run for HadGEM2-ES only, involved addition of0.1S
freshwater near the coast of Greenland for 100 yearspiiddsiced a modest (30%)
slowdown in the AMOC (measured by maximum overturning near 30R3$ulE

from this experiment were averaged over years 50-149.

Scaling the global-mean nonlinearity out of the regional temperature doubling

differences

Figure 2c shows doubling differences after the global-mean nanties (except
those due to the AMOC) are scaled out. The calculation of doubffegedices with
global non-linearities scaled out (denote®,, ., ) is described below. The small
global-mean nonlinearity associated with the AMOC is not saaletiere. This is
because the global-mean AMOC effect is included in Figuigh2dscaled hosing
response), and is therefore removed when Figure 2d is subtiracteBigure 2c: to

give the residual in Figure 2eDD, ., IS given by:
DDnogIobaI = T42 _TZLscaIed

whereT,, is the warming from the second doubling, and:

(-E + D_DnoAMOC )
Ty

T2lscaled = T21 :

whereT,, is the warming from the first doubling. The overbar indicatgohbal

12
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mean. DD, ,.oc IS the global mean doubling difference from processes other than

the AMOC:

DDnoAMOC =DD - DDAMOC

DD is the global mean of Figure 2a abd .. is the global mean of Figure 2d.
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Figure legends

Figure 1. Regional nonlinearity in the transient-forced 1pgt€&@eriment.

Warming (K) simulated directly by HadGEM2-ES (y-axis) eenpared with that
predicted from the linear reconstructiofif using (left column) abrupt2xG@nd

(right column) abruptdxC&responses. Good performance of the linear
reconstruction is indicated by the points lying close to theinedéach point
represents one model grid cell). Results are averagedtopeow) years 120-139 of

the 1pctCQ experiment (near 4xCG) and (bottom row) years 61-80 (near 2xL O

Figure 2. Mechanisms of nonlinear regional warming in HadGEM2{EE®

column: doubling differences (K); a) unscaled; c) after gloledn nonlinearity is
scaled out (Methods); e) as c), but with nonlinearity assoortadhe AMOC (panel
d) subtracted; g) as e) but latitude range matches that oftpankg) doubling ratio.
d) estimated nonlinearity associated with the AMOC. f) douldiffgrence in sea ice
fraction. h) Bowen ratio at 4xG@livided by Bowen ratio at 2xGO All based on

means over years 50-149 of the abrupt2xC0O2, abrupt4e€kbsing experiments.

Figure 3. Doubling ratio of ensemble mean warming. Enseméd@snare taken for

each of the first and second €@bublings first, then the doubling ratio calculated.

Figure 4. Multi-model mechanisms of temperature nonlinegkitypanels: ‘scaled
temperature doubling differences’ have had the global mean namtyngcaled out
a) AMOC influence, averaged over NW Europe (land, 10W-20E008): Y-axis:

scaled temperature doubling difference for each model; x-lad4adGEM2-ES
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hosing temperature response scaled using the doubling difference i Ahdéx for
each model (as Figure 2d; Pink: HadGEM2-ES; dark blue: HadGih3 plue:
MIROCS5; yellow: NCAR CESML1,; red: IPSL CM5A-LR). b,8ea-ice influence.
Ensemble means (excluding HadGEM?2), of b: scaled temperddulding difference
and c: albedo doubling differenake) Evaporation influence. d: Ensemble mean
(excluding HadGEM?2) scaled temperature doubling differend@opeen ratio of
ensemble mean surface heat fluxes at 4x@®ided by the equivalent at 2xG(as

Figure 2h).
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Figure 1. Regional nonlinearity in the transient-forced 1pgt€&@eriment.

Warming (K) simulated directly by HadGEM2-ES (y-axis) eenpared with that
predicted from the linear reconstructtdr using (left column) abrupt2xG@nd

(right column) abrupt4xCé&responses. Good performance of the linear
reconstruction is indicated by the points lying close to theimedéach point
represents one model grid cell). Results are averagedtopeow) years 120-139 of
the 1pctCQ experiment (near 4xCG) and (bottom row) years 61-80 (near 2xL O
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Figure 2. Mechanisms of nonlinear regional warming in HadGEM2 &

column: doubling differences (K); a) unscaled; c) after glol@hn nonlinearity is
scaled out (Methods); e) as c), but with nonlinearity assoortadhe AMOC (panel
d) subtracted; g) as e) but latitude range matches that offpang) doubling ratio.
d) estimated nonlinearity associated with the AMOC. f) douldiffgrence in sea ice
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477 fraction. h) Bowen ratio at 4xGQ@ivided by Bowen ratio at 2xGO All based on
478 means over years 50-149 of the abrupt2xC0O2, abrupt4r€kbsing experiments.
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Figure 4. Multi-model mechanisms of temperature nonlineakltypanels: ‘scaled
temperature doubling differences’ have had the global mean namtjyngcaled out
a) AMOC influence, averaged over NW Europe (land, 10W-2008): Y-axis:
scaled temperature doubling difference for each model; x-lwad4adGEM2-ES
hosing temperature response scaled using the doubling difference i€ Ahdéx for
each model (as Figure 2d; Pink: HadGEM2-ES; dark blue: HadGyh3 plue:
MIROCS; yellow: NCAR CESM1,; red: IPSL CM5A-LR). b,8ea-ice influence.
Ensemble means (excluding HadGEM?2), of b: scaled temperdulding difference
and c: albedo doubling differenake) Evaporation influence. d: Ensemble mean
(excluding HadGEM?2) scaled temperature doubling differend@peen ratio of
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Supplementary Figure 1. lllustrating the doubling difference andlidguiatio
calculations. The main results are averaged over years 50getvertical dotted
lines. The red and blue curves show global mean warming tieeser illustration.
The doubling difference is given by,F T,;, the doubling ratio by 46/ T1.
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1. Interpreting averages over years 50-149 of the abruptCO2
experiments

Our analysis focuses on averages over years 50-149 of each &R2uptQeriment.
This section discusses how these results may approximategjated to policy-
relevant scenario projections. This does not mean that thesraszigubstitutes for
scenario projections (in particular, the distinct effectsarf-CO2 forcings are
absent): it just gives a rough context. The main paper statieSFor abrupt2xCO2,
these 100-year means may roughly be interpreted as the fesykar 2100 of a
CO2-only version of rcp4.5." This statement arises ftoenbethod behind Figure 1,

as follows.

Supplementary Figure 2 shows the timeseries of global meativadorcing for
rcp4.5 (blue). It also shows an idealised transient scefidaick line) that is roughly
similar to rcp4.5. We show below that the mean over y&x549 of the
abrupt2xCO2 experiment represents an estimate of thensspat year 2100 of the

scenario represented by the black line.

As demonstrated in the main paper (Figures 1b,c) and in previenaguie ™3, it is
possible to use a simple linear combination of abrupt@§ponses to estimate
climate change under a transient forcing experiment. This metbdas well (Figures
1b,c) when it is used to simulate periods in the transient iexperwhen the forcing

matches that of the abrupt@@xperiment.
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The method we use to estimate the response to a transientreqgdrom an
abruptCO2 experiment is a linear response function apprdastgiven simply by

the following equation:

y, = —1x supplementary equation 1

where yis the estimated transient temperature response ait earx is the

temperature response at year j of the.6@p experimentAF,_; is the annual step

change in radiative forcing during year i-j of the scenané., is the radiative

forcing change in the abruptG@xperiment. (Essentially, this treats the transient
scenario as a series of small annual step changes in fatengsponse to each step

is estimated by scaling the abruptCO2 response).

The black line in Supplementary Figure 2 represents an exgrdrininere CO2 is
increased by 0.7% per year for 100 years, then held constditt f@ars (reaching a
peak CO2 concentration of double the pre-industrial level). ddriesponds to an
approximately constant rate of forcing increase during the rangetiqpd. As this
experiment takes 100 years to double CO2, the annual changemg fsrequal to

the abrupt2xCO?2 forcing divided by 100. Therefore, the rako;/AF, is set equal

to 1/100 for the first 100 years (i.e. for i-j <= 99 ipplementary equation 1); and
equal to zero for the last 50 years (i.e. for i-] > 9B. obtain the warming at the end

of the scenario, we set i=149 (the scenario is 150 years Idihgyefore,AF,_;/ AF,

is equal to 1/100 for j >= 50; and equal to zero for j < 58ingsupplementary
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equation 1, therefore, the response at the end of this expermagriie estimated

from the abrupt2xCO2 response as follows:

149
1 (abrupt2xC0O2)

y = 2 1—00xJ supplementary equation 2

j=50
(The summation starts from j=50 becausfe ;/AF, is zero for j < 50). This is

simply equal to the mean over years 50-149 of bme@2xCO2 experiment — as used

in the main paper.

Radiative forcing (W/m?)
N o IN

—
L I

Ot~ /]
1850 1900 1950 2000 2050 2100
Year

Supplementary Figure 2. Total global-mean radeaforcing timeseries. Blue: for
rcp4.5, as estimated by the IAM used to producedeaario forcing dataddfrom

the RCP databaskttp://www.iiasa.ac.at/web-apps/tnt/RcpDBlack: for a scenario

where CO2 is increased by 0.7% per year for 108sydlaen stabilised for 50 years.
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1. Sea-ice non-linearity in HadGEM2-ES

The patterns of temperature nonlinearities oven hagjitude oceans (Figure 2e)
correspond closely to nonlinearities in sea-iceecdiigure 2f). The scale in Figure
2f is reversed, because reductions in sea-ice ¢emdrto drive increases in warming.
Here we provide support for the nonlinear albedwlli@ck being a prominent driver

of high-latitude temperature non-linearity..

Supplementary figure 3 shows statistics of the alotogical mean and interannual
variability in sea-ice fraction. The blue(red) lnghow results when only regions with
sea-ice doubling difference larger than 0.2(smaflan -0.2) are included. Climate
means are shown for the control and each abrup&Peériment (panels a-c). Panel d
shows the ratio in variability between the abru@@®2 experiment and the control.
Regions with positive nonlinearities in sea icearofwith doubling difference > 0.2;
c.f. Figure 2f) have intermediate ice cover in ¢tbatrol experiment (Supplementary
figure 3a, blue line), but (near) zero ice coveth@ abrupt4xC@experiment
(supplementary figure 3c, blue line). Correspoghinthe interannual variability in
ice cover is much lower at 4xG@han in the control (supplementary figure 3d, blue
line). This is consistent with the idea of smalilvedo feedback at 4xG@ue to a

transition from intermediate to negligible ice cave

Regions with negative sea ice nonlinearities (dimgbdifference < -0.2) have much
larger sea ice variability at 4xG@han in the control (supplementary figure 3d, red

line), and often have large ice cover in the cdr{sopplementary figure 3a), and non-
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zero cover even at 4xG@supplementary figure 3c). This is consistent it idea

of albedo feedback being higher in the abruptdx€periment.
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Supplementary figure 3. Statistics of sea-ice n{aar) and variability (d) for regions
with (blue) sea-ice doubling difference > 0.2 aradl] sea-ice doubling difference < -
0.2. Panel d) shows the ratio: (variability in gt xCQ)/(variability in control),

where variability is quantified as the standardidigon in annual mean sea-ice cover

over years 50-149 of each experiment.
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2. Evaporation over the Amazon in HadGEM2-ES

The large temperature non-linearities over the Asnaare associated with a
substantially larger Bowen ratio at 4x&&@mpared to 2xC&(Figure 2h). Here we
link this to reduced forest tree stomatal condumaat higher C¢) driven by a direct
stomatal response to GQvith a secondary effect due to reduced photoggishat
high temperature. We show results averaged oeewéstern Amazon (72-60W,

12S-3N), capturing the main temperature non-lingari

Over this region, latent heat flux from evaporati®significantly lower in the
abruptdxCQ experiment than in the abrupt2xgéxperiment (supplementary figure
4a; blue: abrupt2xCHred: abruptdxCeg). The total turbulent heat flux is relatively
similar in the two experiments (supplementary fegdb), so the decrease in latent
heat flux is balanced by a corresponding increasemnsible heat flux (supplementary
figure 4c). This is consistent with the idea ddtrieted evaporation causing a larger
proportion of surface heat to be lost by sensikla hwith a corresponding increase in

surface temperature.

Surface evaporation is determined by atmospheriwde divided by net resistarice
The net resistance quantifies limitations on watgply, accounting for soil moisture,
biophysical control by plants (via stomata) andpghecess of transferring moisture
from the surface to the lowest atmospheric layidre decrease in evaporation (at

4xCQO, compared to 2xC§)is driven by a relatively large (around 35%) @ase in
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1/(net resistance) — see Supplementary figured.plot 1/(net resistance), because
evaporation is proportional to 1/(net resistanaegonstant atmospheric demand.

This decrease in 1/(net resistance) is dominateal digcrease in stomatal conductance
associated with the broadleaf tropical forest tregpplementary figure 4e shows

changes due to stomatal conductance alone, andilarso supplementary figure 4d.

The difference in stomatal conductance betweevthexperiments (seen in
supplementary figure 4e) is largely due to a fasponse of stomata to the different
CO; levels. This appears in supplementary figuresta difference between the red
and blue lines present from the first year. Mosttress is negligible for forest tress
in this region in both experiments (not shown)resional evaporation is independent

of precipitation change.

The subsequent decline in conductance in the abt@) experiment

(supplementary figure 4e, red line) is driven irs thodel primarily by a decrease in
photosynthesis, with stomata closing to maintaer menstant leaf internal GO
concentration. Evidence for this is given in sa@ppéntary figure 4f. This shows that
a near constant proportionality is maintained betw&omatal conductance and gross
primary productivity (GPP, a proxy for photosyntisess leaf area is almost constant
in this region for these runs). The relationshepAieen photosynthesis and stomatal
conductance arises through the transport of catttrongh a leaf, which is quantified

by the following equatich

— gs(cc - C|)
1.6RT’
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A'is the leaf photosynthesis rage,the stomatal conductange,—c, igthe CQ

concentration gradient across the stomatine perfect gas constant affdthe leaf
surface temperature in K (the latter is relativaystant in these runs as it is in units
of K). The near-constant proportionality betwetsnsatal conductance and
photosynthesis (supplementary figure 4f, red Imepans tha{c.—c. )s
approximately constant. That is, the model of stiainconductance in HadGEM2-ES
acts to keep the internal leaf €&ncentrationd) roughly constant during the
abruptdxCQ experiment &, the external C@concentration is approximately
constant during the abrupt4xg@in). It does this by closing stomata (decreasing

which in turn reduces water loss.

Large uncertainties exist in the modelling of steaheesponses to CO2 incre4se
HadGEM2-ES does not include photosynthetic acclom&twhich could reduce the
decrease in GPP at high temperature, potentiadlyaiag the decreases in stomatal

conductance. However, the magnitude of this efiebtghly uncertain
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4. Inflation in model spread for the second CO, doubling

The main paper reports that, over about 30% ofathé area, the model spread in
warming per K of global warming is more than 1mds larger for the second
doubling than for the first. In this section, wél\address the possibility of the

inflation of model spread being an artifact of me variability.

A difference in the standard deviation between datasets can arise simply from
internal variability. This is because the climstate for each model is estimated from
the mean over a finite period. Even though 100-ye@ans are used in this study,

internal variability may still play a role.

We denote the ratio between the standard deviétiothe second doubling, and that

for the first, as R:

whereo,,, the ensemble standard deviation for the secontlohy (where CO2

changes from 2x to 4x pre-industrial levels) isegi\oy:

N VIO NREVIORYI0
01 = VI +VO v
whereVJ" is the variance due to model differences alafg; is the variance from

internal variability in the climate at 4xCO2; ang’ the equivalent at 2xCO2.

Similarly, o,,, the standard deviation for the first doublinggiigen by:
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_ (m) (i) (i)
o = VI 4V 4y,

Therefore, R is given by:

- NV VIOV
NIV

V" appears on both top and bottom of this ratio. firéans that ¥/’ was much

larger than the other variances, R would tend ¢eerywhere. This cannot explain

our finding of large areas with R > 1.4.

If vV (the internal variability in the mean at 4xCO2)sviacreased, however, R
would increase everywhere (and so the area withlRl x»vould increase). We tested
the importance o¥/" by artificially increasing it: by calculating tléimate means

for abrupt4xCQO2 using shorter averaging periods$ ¢eotred on the same year as the
100-year means). This has minimal effect on osultethe fraction of land with R >
1.4 is still 32% even if this averaging periodesluced to 20 years (compared to 30%
for 100 year means). This suggests that, for @feykar means used in the main

paper, internal variability has minimal effect anr @stimate for the area with R > 1.4
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5. Drivers of nonlinearity from individual models

The main paper (Figure 4) shows results for thedolband evapotranspiration drivers
averaged over the four additional climate modelSAR-CESM1, IPSL CM5A-LR,
MIROC5 T42 and HadCM3). Here we show results rioividual models
(Supplementary Figures 6,7). We also give douliatgs for global-mean warming
(Supplementary Table 1). The spread in the AMOSlinearity is illustrated in

Figure 4a of the main paper.

As reported in the main paper, the patterns indallnd evapotranspiration drivers
show significant spread across the models. Thexetoeir contribution to the overall
uncertainty in warming for the second doubling rhaysubstantial in the relevant
regions (see discussion on how nonlinearity infagsnuncertainty in the main paper).
The spread in the albedo driver (Supplementaryrgigy may partly be associated
with errors in simulated pre-industrial sea-iceaofwe show above that the sign of
the nonlinearity is linked with the control sea-amver), so there may be potential for
reducing uncertainty using observations. Similathe spread in the
evapotranspiration driver (Supplementary Figuren@y partly be associated with

errors in pre-industrial soil moisture.
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281 Supplementary Figure 6. Albedo doubling differenaes Figure 4c of the main paper,

282  but for individual models.
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283 0.6 0.8 1.2 1.75
284  Supplementary Figure 7. Bowen ratio of ensemblamseirface heat fluxes at 4xg,O

285 divided by the equivalent at 2xGas Figure 4e but for each model.
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288

289
290

291

292

293

294

Model Doubling ratio in global mean warming
NCAR CESM1 1.21
IPSL CM5A-LR 1.05
MIROCS T42 1.27
HadCM3 1.19
HadGEM2-ES 1.18

Supplementary Table 1. Doubling ratio in globalam&varming for each model.

5. Model descriptions

Model and Resolution Citation

citation

NCAR CESMZI® | 0.9° longitude x 1.25° latitude, 26 | Gent et al., 2011

vertical levels

IPSL CM5A- 3.75° longitude x 1.875° latitude, 39Dufresne et al., 2013

LR vertical levels

MIROCS5 T42? | T42, 40 vertical levels Watanabe et al., 2010

HadCM3*>* 3.75° longitude x 2.5° latitude, 19 | Gordon et al., 2000, Pope

vertical levels et al., 2000

Supplementary Table 2. Descriptions of models (Sedl GEM2-ES is described in

Methods of main text).
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