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NorESM1-Happi - Climate stability and present-day characteristics

This supplement presents selected features of NorESM1-Happi compared to NorESM1-M. The
modifications include a doubled horizontal resolution in the atmosphere and land model and a different
tuning of the aging, and thus albedo, of snow accumulated on sea ice. An error in the aerosol scheme
(Kirkevag et al., 2013) is rectified, resulting in faster condensation of secondary gaseous matter on pre-
existing particles, and reduced black carbon particles (Fig. S1). Except for Fig. S1, the tables and figures
show results from standard experiments used for estimating the validity of global climate and Earth system

models for CMIP5. In addition to legends, the tables and figures are commented w.r.t. the model properties.
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Figure S1. Vertical profiles of black carbon (BC) aerosols for present day (PD; 2006-2015) conditions
estimated with NorESM1-Happi (blue) and NorESM1-M (red) using RCP8.5 (Table S1) for the same period.
Thin lines indicate the calculated inter-annual range of monthly means. Black lines are mean (thick) and
standard deviations (thin) of individual observations from the HIPPO campaign, with more than 700 vertical
profiles during 2009-2011 from 0.3 to 14 km altitude, mainly over the Pacific Ocean between 80 °N and
67 °S (Schwartz et al., 2010 and 2013). Model-calculated monthly data are based on data sampled in the
same grid-squares and for the same calendar months as the observations. Units are ng kg™.

Comments: NorESM1-M had an error in the aerosol scheme which lead to an underestimation of the
turnover of BC to a hydrophilic phase. This is corrected in NorESM1-Happi, and the BC column is reduced.
There is however probably still too much BC in the upper troposphere and in the stratosphere. The higher
horizontal resolution in NorESM1-Happi, also influences the atmospheric aerosol burdens and residence
times. The global burden of BC drops from 0.16 Tg to 0.14 Tg, primary organic matter (POM) decreases
from 2.55 Tg to 2.38 Tg, and the sea-salt burden increases from 4.81 Tg to 5.21 Tg. There are negligible
changes for other global aerosol burdens. Because the curves for the model data are based on monthly
averages, the apparent variability is much smaller than the variability based on individually sampled

observations.



Table S1. Overview of the basic model evaluation experiments for NorESM1-Happi. Details about the
CMIP5 input are found at http://cmip-pcmdi.lInl.gov/cmip5/forcing.html.

Length
(years)

Name Definition Start

1850 control run with constant external forcing.
Greenhouse gas (GHG) concentrations follow After 300 years spin-up which

CMIP5. The constant solar flux at the model top was started from year 600 of

- 72 - .
sicontrol is 1360.9 W m *, and the constant CO, mixing the NorESM1-M spin-up 500

ratio is 284.7 ppm. Aerosols and precursor (Bentsen et al., 2013).
emissions are from Lamarque et al. (2010); sea-
salt emissions depend on surface wind and sea Firstyear is year 900.

surface temperature (SST).

Three ensemble members for the period 1850
2015. Input: 1850-2005 solar radiation (Lean et

) ) al., 2005; Wang et al., 2005); volcanic Branched off from piControl
Histl, Hist2, ) ) ) 166
) stratospheric sulphate (Ammann et al., 2003); in years 930 (Hist1), 960
Hist3 ) o i i (each)
anthropogenic GHG conc., aerosol emissions, and (Hist2) and 990 (Hist3).

land-cover from CMIP5; extension for 2006—
2015 uses RCP8.5.

Hist1 with external forcing as in 1850, except: ]
GHG only As for Histl 166
GHGs vary.

Hist1 with external forcing as in 1850, except: )
Aerosol only o As for Histl 166
aerosols and precursor emissions vary.

Hist1 with external forcing as in 1850, except: )
Natural only o As for Histl 166
natural solar radiation and volcanoes vary.

RCP2.6, Future projection runs based on representative ) ]
] ] ) Prolongation of Histl from
RCP4.5, concentration pathway (RCP) scenarios according ) 95
2006 until 2100.
RCP8.5 to van Vuuren et al. (2011).
brunt Abrupt quadrupling of atmospheric CO,
abru
A Cg concentrations; to estimate Equilibrium Climate Year 930 in piControl 150
X
? Sensitivity (ECS) and feedbacks.
1 % increase per year of atmospheric CO, until
gradual ) ) o
4%CO quadrupling and then constant, to estimate Year 930 in piControl 150
xC0O,

Transient Climate Response (TCR)




Table S2. Global and annual means from the Histl experiment (1976-2005) performed with NorESM1-
Happi and NorESM1-M and values from re-analysis data or observations (references below the table). The
NorESM values are adjusted to compensate for the slight deviation between the top of the model atmosphere
(abbreviated to TOA) and the top of the atmosphere as seen from satellites (Collins et al., 2006; TOAsar in
this table).

. . NorESM1-Happi NorESM1-M .
Variable (unit) 10 resolutioﬁp 29 resolution OBS / reanalysis
240.6°
TOAsar Net SW flux (W m2) 240.2 234.9 244.7°
234.0°
287.6°
TOAGsaT net clear-sky SW flux (W m?) 289.4 289.5 294.7°
289.3°
239.6°
TOAsaT upward LW flux (W m?) 237.6 232.4 239.0°
233.9°
266.1°
TOAGsar clear-sky upward LW flux (W m?) 263.5 262.3 266.9"
264.4°
26.48°
TOAsat LW cloud forcing (W m™?) 25.81 29.90 27.19°
30.36°
—47.07%
TOAsar SW cloud forcing (W m?) -49.20 —54.57 —48.59"
—54.16°
66.80°
Cloud cover (%) 46.36 53.76 66.82°
Cloud liquid water path (g m ) 121.3 125.3 112.(?‘]f
194
Surface sensible heat flux (W m™?) 18.0 17.8 15.8'
13.2
87.9"
2 84.9
Surface latent heat flux (W m™) 83.7 81.7 82 49
89.1'
3CERES-EBAF (Loeb et al., 2005, 2009, 2012); "CERES (Loeb et al., 2005, 2009,2012), ERBE (Harrison et
al., 1990; Kiehl and Trenberth, 1997), “ISCCP (Rossow and Schiffer, 1999; Rossow and Duefias, 2004),
®CLOUDSAT (L’Ecuyer et al., 2008), 'MODIS (Greenwald, 2009; Seethala and Horvath, 2010), °ERA40
(Uppala et al., 2005), "JRA25 (Onogi et al., 2007), 'NCEP (Kanamitsu et al., 2002), 'LARYA (Large and
Yeager, 2004, 2008), “ECMWF (Trenberth et al., 2011), '"WHOI (Yu and Weller, 2007; Yu et al., 2008).

Comments: The TOAsar net downward radiative flux for Histl is +0.61 W m? in NorESM1-Happi and
+0.54 W m 2 in NorESM1-M. The cloud cover, the liquid water path, and the long- and short-wave cloud
forcing in NorESM1-Happi are all smaller than in NorESM1-M. Therefore, more solar radiation is absorbed
in the earth system, causing increased surface evaporation (latent heat) and increased TOA outgoing LW

radiation. More than 20 % of this increase is from the clear sky conditions.



Table S3. Global means and trends of selected climate variables in the piControl experiments (500 years)
with NorESM1-Happi and NorESM1-M. Linear trends are estimated by linear regression of annual averages,
and their statistical significance are determined by a t-test using estimated degrees of freedom that account
for autocorrelation of the data (Bretherton et al., 1999). Significant trends (p < 0.05) are shown in bold.

Top of model (TOA) | Net heat-flux into the Global ocean
net radiation ocean temperature
(W m?) (W m?) @)
Model Mean trend mean trend Mean trend
NorESM1-Happi -0.042 +0.001 +0.004 +0.004 3.78 +0.008
NorESM1-M +0.043 n.c. +0.122 -0.019 3.81 +0.126

Global ocean Salinity Sea-surface salinity Max AMOC volume

. SSS) flux at 26.5° N
kg™ (SSS
ka) (kg (sv)
Model Mean trend mean trend mean trend
NorESM1-Happi 34.72 -3.2010* 34.57 +0.005 324 +1.0
NorESM1-M 34.72 -3.14 10" 34.49 n.c. 30.8 -0.6
Drake Passage ocean Near surface air Sea-surface
volume flux temperature temperature (SST)
(Sv) ®) ®)
Model Mean trend mean trend mean trend
NorESM1-Happi 135 -6.98 12.74 -0.032 17.37 -0.021
NorESM1-M 130 -6.29 13.15 +0.037 17.68 +0.031

Comments: The imbalance at the TOA causes a small sustained cooling of the Earth system in
NorESM1-Happi, as opposed to a warming in NorESM1-M (note: the value for the imbalance at TOA given
in Bentsen et al. (2013) and lversen et al. (2013) has been corrected). The small, non-zero net heat flux into
the ocean causes the global-mean ocean temperature to increase, probably due to a strong AMOC. The trend
in NorESM1-Happi is smaller than in NorESM1-M because the piControl from the Happi-version starts from
a state closer to equilibrium. The cooling ground surface follows from the negative net TOA and positive net
(downward) ocean heat fluxes. We find a statistically significant freshening of the oceans, even though the
global-mean sea-surface salinity (SSS) has a positive trend. The trends in AMOC and the Drake Passage

transport are comparable to those in NOorESM1-M.
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Figure S2. Latitude—time Hovmodller diagrams for the piControl experiment (900-1400) with NorESM1-
Happi, showing deviations in annual-mean, zonal-mean sea-surface temperature (SST; a) and sea-surface
salinity (SSS; ¢), where the time mean has been subtracted, and depth-time Hovmoéller diagrams of
deviations in annual-mean, global-mean ocean potential temperature (b) and salinity (d), where the annual-
mean potential temperature and salinity of the World Ocean Atlas 2009 (Locarnini et al., 2010; Antonov et
al., 2010) has been subtracted. The time series have been filtered with a 10-year running mean. Note the non-
linear depth co-ordinate in (b) and (d). Units are K (a—b) and g kg™ (c—d).

Comments: Except for the sea-surface values (SSS), the salinity is probably underestimated in the upper
ocean layers and overestimated below. There is no clear trend, as opposed to the results for NorESM1-M
(Fig. 3 in Bentsen et al., 2013), because piControl with NorESM1-Happi starts from a state closer to

equilibrium. The piControl with NorESM1-Happi is more stable and deviates less from the World Ocean
Atlas of 2009 than NorESM1-M (Fig. 3 in Bentsen et al., 2013).



Table S4. Bias and root-mean-square error (RMSE) for selected atmospheric variables in the Histl
experiment (1976-2005) from NorESM1-M and NorESM1-Happi. Observational data: Cloudsat (L’Ecuyer
et al., 2008); CRU (Mitchell and Jones, 2005; Morice et al., 2012); HadISST (Hurrel et al., 2008); GPCP,
(Adler et al., 2003; Huffman et al., 2009); ISCCP (Rossow and Schiffer, 1999; Rossow and Duefias, 2004).
The values in the table have been produced with the diagnostic package from NCAR.

Total cloud cover Tom continents CRU | gsT HadissT | Total Precip. GPCP
fraction (%)
(K) (K) (mmd?)

Cloudsat ISCCP

bias -20.46 -20.44 -1.45 -0.56 0.19

Happi
rmse 22.08 23.01 2.40 1.19 1.15
bias -13.06 -13.04 -0.88 -0.25 0.13
M
rmse 15.64 17.40 2.38 1.24 1.22

Comments: The negative continental temperature bias is 0.52 K (65 %) larger and the negative sea-
surface temperature (SST) bias is 0.31 K (124 %) larger in NorESM1-Happi than NorESM1-M. The cloud
cover is underestimated in both model versions, and is about 7 % cloud cover fraction units smaller in
NorESM1-Happi, partly due to higher horizontal resolution (as discussed by Gent et al., 2011). The ground
surface in NorESM1-Happi loses more heat, while the increased short-wave radiation at the ground surface
increases the evaporation and thus the surface latent heat flux increases by 2 W m? (Table S2). The
overestimated global-mean precipitation rate is consequently 0.06 mm d larger in NorESM1-Happi and is

largest in the tropics (Fig. S3c and d).
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Figure S3. Zonal-mean total cloud fraction (a), total liquid water path over oceans (b) and precipitation rate
(c and d) for boreal winter (December-February; DJF) and summer (June-August; JJA) for the Histl
experiment (1976-2005) with NorESM1-Happi (red) and observations (black). Observations of cloud cover
(a) are from the ISCCP D2-retrievals for the period 1983-2001 (Rossow and Schiffer, 1999; Rossow and
Duefias, 2004; black dashed curve), CLOUDSAT radar and LIDAR retrievals from September 2006—
December 2010 (L’Ecuyer et al., 2008; black solid curve). Observations of liquid water path (b) are from the
UWisc retrievals over oceans for the period 1988-2008 (O’Dell et al., 2008; black solid curve). Observations
of precipitation (c) are from GPCP data (Adler et al., 2003; black solid curve) and Legates (Spencer, 1993;
Legates and Willmott, 1990; black dashed curve). Units are % (a), g m? (b), and mm d* (c—d).

Comments: The zonal-mean cloud bias is negative at all latitudes, except close to the South Pole. The
liquid water content is overestimated except in the sub-tropics (b; only values over ocean are shown). The
overestimate is most pronounced over the marine extratropical cyclone regions as discussed by Jiang et al.
(2012). The zonal-mean precipitation rate for winter and summer are in good agreement with the Legates
data in the tropics and with the GPCP elsewhere. The overestimates in Table S4 seem to originate in the

tropics.



Table S5. Monthly-mean Northern Hemisphere (NH) and Southern Hemisphere (SH) sea-ice extent and
standard deviation (std) calculated for March and September from the Histl experiments (1979-2005) with
NorESM1-Happi and NorESM1-M, and from observations (OSI-SAF, 2017). The best-estimate ice
concentration fields from observations were interpolated to the model grid before the extents were
calculated. Units are 10° km?,

Extent (10° km?) | Std (10° km?) Bias (10° km?)
OBS 15.41 0.42
March M 14.34 0.25 -1.07
Happi 14.72 0.26 -0.69
NH
OBS 6.90 0.62
Sept. M 8.49 04 1.59
Happi 7.95 0.40 1.05
OBS 4.46 0.41
March M 5.65 0.46 1.19
Happi 5.17 0.51 0.71
SH
OBS 18.76 0.34
Sept. M 19.25 0.50 0.49
Happi 19.98 0.44 1.22

Comments: The biases in sea-ice extent are smaller in NorESM1-Happi than in to NorESM1-M, except
for in the SH during September. The standard deviations for the models are smaller than or equal to their
biases; the simulated inter-annual variability is underestimated in the NH and slightly overestimated in the
SH. The models generally overestimate the extent for the NH March maximum, although the sea-ice cover is

underestimated in some areas like the Labrador Sea (Fig. S4).
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Figure S4. Mean sea-ice thickness in the Histl experiment (1976-2005) from NorESM1-Happi for NH
March (a), NH September (b), SH March (c), and SH September (d). The solid black line shows the
climatological 15 % concentration line for the same period from the OSI-SAF reprocessed data set (OSI-
SAF, 2017). Units are m (a-d).

Comments: The distribution of the Arctic sea-ice thickness is considerably improved in NorESM1-Happi
compared to NorESM1-M, with a pronounced cross-polar gradient with maximum thickness on the
Greenland-Canadian side (around 5 m) and a minimum along the Siberian coast. This improvement was

already noticed in Seland and Debernard (2014).



Table S6. Simulated changes in selected annual-mean, global-mean fields between the three RCPs (2071
2100) and the Hist1 experiment (1976-2005) from NorESM1-Happi (columns 1 to 3). Also shown is the
annual-mean, global-mean values from Histl (column 4) and the difference between Histl and the 1850
piControl (column 5) from NorESM1-Happi. For comparison with the Hist1 values (column 4), we show
observationally-based values for the water cycle (Trenberth et al., 2011; column 6), and values from the
Histl experiment with NorESM1-M (Table 5 in Iversen et al., 2013; column 7).

Histl Histl — Water Histl
??—Egtls Ii?_ﬁgtf If?_ﬁsztf NorESM1- | piControl Budget NorESM1-
Happi 2001-2008 M
Tom (K) +3.09 +1.59 +0.91 286.44 +0.55 - 286.78
SST (K) +2.02 +1.03 +0.59 290.88 +0.36 - 282.92
AREAseacE - . _ _ )
(106 kmz) 6.6 2.8 1.7 20.7 1.0 20.76
I:’GLOBAL
1000 km3yr-1 +28.1 +17.5 +11.9 533.5 +1.5 500 521
Eoceans
1000 km3yr-1 +26.1 +15.1 +10.1 451.7 +1.3 426 442
(E'P)OCEANS
s +7.5 +3.3 +1.2 45.2 +0.6 40 43
1000 km®yr
POCEANS
1000 kmSyr-l +18.2 +11.8 +8.9 406.5 +0.7 386 399
PLAND
1000 km®yrt +9.9 +5.7 +3.0 127.0 +0.8 114 122
ELAND
1000 kmdyr! +2.5 +2.4 +1.8 81.8 +0.2 74 79
Comments: For the period of interest, NorESM1-Happi (column 4) shows more evaporation from oceans

than NorESM1-M (column 7) by approximately 10 more units (1 unit = 10° km® yr™) of water vapour, but
only approximately 2 of these units contribute to increased net transport of water vapour from oceans to
continents. In addition, net evaporation from land is enhanced by 3 units, and precipitation over land is
enhanced by 5 units in NorESM1-Happi. The water cycle is too fast in the model, which also shows up as a
positive precipitation bias (Table S4), and possibly an increased thermohaline forcing of the Atlantic

meridional overturning circulation (AMOC; Table S3 and Fig. S7).

In RCP2.6, the model produces a 1.46 K higher global temperature by 2100 than in 1850. Compared to the
end of the 20™ century, the simulated annual global sea-ice extent is 8.2 % smaller, global precipitation is
2.2 % larger, continental precipitation 2.4 % is larger, and continental (P-E) is 2.7 % larger. In RCP4.5, the
model simulates a 2.14 K warmer world by 2100, and applying a factor 0.93 to the changes approximates a
2.0 K warmer world. In the resulting climate, the annual global-mean sea-ice extent is 12.6 % smaller, global
precipitation is 3.1 % larger, continental precipitation is 4.2 % larger, and continental (P-E) is 6.8 % larger.
In RCP8.5, the model indicates a 3.7 K warmer world compared to the piControl and considerably larger

impacts on sea ice and the water cycle.
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Figure S5. Time evolution of deviations of annual-mean near-surface temperature in the three historical
experiments (Histl, Hist2, and Hist3; red, blue, and green) from NorESM1-Happi and the NASA GISS
global temperature record (Hansen et al., 2010; black) for the historical period (1850-2015) relative to the
1951-1980 average (left) and the difference between the near-surface temperature over land between the
Histl experiment from NorESM1-Happi and the CRU TS3.1 (Mitchell and Jones, 2005) observational data
for the period 1976-2005 (right). The global bias is -1.45 K with a RMSE of 2.40 K (compared to -0.88 K
and 2.38 K for NorESM1-M, see Table S4). The colour bar on the right has a non-linear scale. Units are K
(a-h).

Comments: Although the model slightly underestimates the maximum in the global temperature anomaly
around 1950, there is good agreement after 1950. The temperature bias is removed in the left panel, but is
evident in the right panel for the continents and in Table S4. Except for in Europe and parts of western Asia,

there is a widespread underestimate, hence the global cold model bias.
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Figure S6. The difference in fluxes of sensible heat (SH; a) and latent heat (LH; b) between the period
1976-2005 from the Histl (1976-2005) experiment from NorESM1-Happi and the period 1982-2005 from
the FLUXNET Model Tree Ensembles (FLUXNET-MTE; Jung et al., 2011). Areas with missing
observations are shaded with dark grey colour. Units are W m™ (a-b).

Comments: The FLUXNET-MTE estimates are restricted to vegetated land surfaces. The simulated
sensible heat flux is generally too small, while the latent heat flux, and thus the evaporation, is considerably
overestimated over low-latitude land. This is consistent with the model’s overly low cloud fractions, which
allow more solar radiation to reach the ground and cause evaporation (Table S6). The overestimates in
Africa, America and Australia are reduced relative to NorESM1-M (Bentsen et al., 2013; Figure 5). The

differences for sensible heat flux are minor.
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Figure S7. Differences in sea-surface temperature (SST; a) and sea-surface salinity (SSS; b) between the
Histl experiment (1976-2005) from NorESM1-Happi and observation-based data obtained from WOAQ9
(Locarnini et al., 2010; Antonov et al., 2010). Units are K (a) and g kg™ (b).

Comments: As for the continents (Fig. S5), the cold bias dominates the SST, except along the SH
extratropical storm track, along the upwelling zones to the west of South America, and in the north-west and
southeast Atlantic Ocean. The magnitude of the positive biases is reduced in NorESM1-Happi compared to
NorESM1-M (Bentsen et al., 2013; Figure 12b), while the negative biases are comparable. The pattern of the
SSS biases is almost the same as for NorESM1-M (Fig 12c in Bentsen et al, 2013). SSS is considerably
overestimated at high latitudes in the NH, and underestimated in the tropics and sub-tropics. This pattern of

SSS changes may contribute to a strengthened thermohaline forcing of AMOC.

13



240.0 (a) Net LW flux TOA

0 WWWWW« AR
o 236.0 M

234.0

232.0

230.0

28.0 1
1850 1875 1900 1925 1950 1975 2000 2025 2050 2075 2100

2420 (b) Net SW flux TOA

240.0

238.0 o
o 2860
£ 234.0

g 232.0

230.0

-, K ﬁw‘ "

28.0
1850 1875 1900 1925 1950 1975 2000 2025 2050 2075 2100
40 (€) Net radiative flux TOA

3.0
N_2.0

E ;:."l" i .f““ o
=10 iy Y OIERAGS

30 : :
1850 1875 1900 1925 1950 1975 2000 2025 2050 2075 2100

2910 (d) 2-m temperature

290.0
289.0 —

X 288.0 Ty,
287.0 it

286.0 W

285.0
1850 1875 1900 1925 1950 1975 2000 2025 2050 2075 2100

210 (e) Precipitation rate

3.05-
‘é,a‘oo | ‘
A
5 295 T
E 250 AR
E285 -
2.80 -

2,75+ ;
1850 1875 1900 1925 1950 1975 2000 2025 2050 2075 2100

Figure S8. Time-evolution of global-mean monthly values of net longwave (positive upward; a), shortwave
(positive downward, b), and total radiative flux (positive downward; c), all at the top of the atmosphere; and
the near-surface temperature (d), and precipitation rate (e) for Histl (1850-2005; black), RCP2.6 (2006—
2100; green), RCP4.5 (2006-2100; blue), and RCP8.6 (2006-2100; purple) from NorESM1-Happi (thick
curves) and NorESM1-M (thin curves). Units are W m™ (a-b), K (c) and mm day™ (d).

Comments: The larger TOA influx of SW radiation in NorESM1-Happi than in NorESM1-M is almost
entirely compensated by increased TOA outgoing LW radiation, and more than 20 % of this increase is from
the clear sky (Table S2). The net radiative imbalance in the two models is almost identical from 1850 to
2100. Nevertheless, the global-mean near-surface temperature is lower by approximately 0.3 K in NorESM1-
Happi. The global precipitation rate is about 0.06 mm d™ higher (Table S4), consistent with the higher latent
heat flux (Table S2).
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Figure S9. Time-evolution of global-mean near-surface temperature (a) and daily precipitation amounts (b)
over the historical period (1850-2015) for the All forcing (black), greenhouse gas concentrations (GHG)
only (red), Aerosol only (blue), and Natural forcing only (green) experiments with NorESM1-Happi. All
Forcing is the regular Histl simulation; GHG only has varying greenhouse gas concentrations but all other
forcings held constant at 1850 levels; Aerosol only has varying aerosol emissions but all other forcings held
constant at 1850 levels in 1850; and Natural forcing only has varying natural contributions but all other
forcings held constant at 1850 levels. Units are K (a) and mm day™ (b).

Comments: The simulated warming since the 1970s (black) cannot be reproduced with natural forcing
only (green). The GHGs alone (red) lead to exaggerated warming. The aerosols (blue) significantly dampen
the warming. The signals for global precipitation follow those for temperature, but are smaller. As discussed
in lversen et al. (2013), the regional variations in the simulated precipitation changes are crucial, since a
more intense hydrological cycle in a warmer climate leads to reduced precipitation in some regions periods
and more intense precipitation events in others (Giorgi et al., 2011).
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Figure S10. November—April wavenumber—frequency spectra for 10 °S-10 °N computed from daily-mean
zonal winds at 850 hPa from ERA-Interim (Dee et al., 2011; a) and the Histl experiment from NorESM1-
Happi (b), and daily outgoing long-wave radiation (OLR) from NOAA satellite (c) and Histl with
NorESM1-Happi (d). We use years 1979-2008 from ERA-Interim, 1979-2008 from the NOAA satellite, and
1976-2005 from NorESM1-Happi. Individual spectra were calculated for each year and then averaged over
all years of data. The climatological seasonal cycle and time-mean for each November—April segment were
removed before calculation of the spectra. The band-width is 180 day *. Units are ms 2 (a-b) and W m® s*
(c-d) per frequency interval per wavenumber interval.

Comments: The Madden—Julian oscillation (MJO), an eastward propagation of planetary scale clusters of
deep convection in the tropics, is the dominant mode of 30-90-day variability in the tropical atmosphere
(Madden and Julian, 1971; Zhang, 2005). The CCSM4 was one of the first global climate models to have a
fair representation of the MJO (Subramanian et al., 2011). The figure shows a diagnostic of the MJO as
simulated by the model and from the ERA-Interim and NOAA data, taken as observations. The model has a
clear signature of the MJO with a clear maximum between 40 and 60 days for wavenumber 1. The spectra
are particularly improved compared to NorESM1-M for OLR (Bentsen et al., 2013; Figure 19), although

there is still too much energy at periods shorter than a month.
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Figure S11. NH extratropical baroclinic wave activity (storm track) biases relative to ERA-Interim (colors)
and mean climatology (solid black; 8 to 72 m in increments of 8 m) from the three historical simulations
(Hist, Hist2, and Hist2) from NorESM1-Happi (top; a-d) and NorESM1-M (bottom; e-h). Fields are shown
for December-February (DJF; a, €), March-May (MAM; b, f), June-August (JJA; ¢, g), and September-
November (SON; d, h). The baroclinic wave activity is estimated as the standard deviation of the bandpass
time-filtered geopotential height at 500 hPa, retaining periods of 2.5-6 days (Blackmon, 1976). We use years
1976-2005 from NorESM1-M and NorESM1-Happi and 1979-2008 form ERA-Interim. Units are m (a-h).

Comments: Extratropical cyclones are important vehicles for the atmospheric meridional transport of
heat, humidity and momentum in the mid-latitudes, and for the maintenance of the eddy-driven polar jet (e.g.
Bratseth, 2001; 2003). Eddy activity is underestimated in all seasons in both model versions. The magnitude
of the bias is considerably reduced in NorESM1-Happi in all seasons, and in particular over the Pacific
Ocean. It is also reduced in the region where the North-Atlantic cyclones travel into the Nordic Seas towards
the Arctic, which is important for the geographical distribution of the wind- and precipitation-climate in the
European-Atlantic sector. The underestimation during the North Atlantic winter is, however, considerable in
NorESM1-Happi. The improvements in NorESM1-Happi are probably due to the higher spatial resolution
(e.g. Jung et al., 2012).
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Figure S12. NH blocking frequency for the three historical simulations (Histl, Hist2, and Hist3) from
NorESM1-Happi (a) and NorESM1-M (b) for years 1976-2005. The solid black curves represent the
ensemble mean and the blue shading is the ensemble spread (+ one standard deviation) from the model. The
dotted black curves are for the ERA-Interim data for the period 1979-2008 (Dee et al., 2011). The seasonal
occurrence of blocking is based on the 500 hPa vTM-index (Tibaldi and Molteni, 1990) relative to the
latitudes of the average position of the baroclinic wave activity by season (Fig. S11; Pelly and Hoskins,
2002; see also lversen et al., 2013). Units are % (a—b).

Comments: For blocking, NorESM1-Happi also shows better results than NorESM1-M. Still, important
systematic errors persist in several sectors and seasons. The best results are seen in the autumn (September—
November; SON), when the blocking occurrence is close to perfect at all longitudes except for an
underestimate over the North Atlantic Ocean. The errors are also moderate during spring (March—May;
MAM), while in winter, both model versions severely underestimate blocking in the Atlantic-European
sector. In summer (July—August; JJA), blocking over Europe is well represented, but it is underestimated
over central Eurasia and overestimated in the Pacific sector. As discussed in Iversen et al. (2013), several
studies point to poor model resolution as an explanation for systematic errors in blocking occurrence (see
also Dawson et al., 2012; Davini and D’Andrea, 2016; and Woolings et al., 2018). Since extratropical
blocking is connected with persistent anomalous patterns of precipitation at mid-latitudes, this causes

systematic errors in the simulated climate.
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Figure S13. Time-evolution of detrended monthly anomalies in sea-surface temperature (SST) of the
NINO3.4 region (5 °S-5 °N; 170 °W-120 °W) for the Hadley Centre Sea Ice and SST data set (HadISST;
Rayner et al., 2003) for the period 1900-2005 (top), the Histl experiment (1900-2005) and RCP8.5 (2006-
2100) from NorESM1-Happi (middle), and the piControl experiment (900-1100) from NorESM1-Happi
(bottom). The anomalies are calculated relative to the mean over the entire time series for each month. Red
(blue) colours indicate that anomalies are larger (smaller) than +0.4 K (-0.4 K), see Trenberth (1997) for
recommendations. Units are K.

Comments: The El Nifio—Southern Oscillation (ENSO) involves ocean—atmosphere interactions in the
tropical Pacific on seasonal to inter-annual timescales (Wallace et al., 1998), with a strong association to
global scale patterns (Trenberth et al., 1998; Straus and Shukla, 2002). NorESM1-M was amongst 9 out of
20 CMIP5 models that reproduced both the two flavours of ENSO variability, over the central and eastern
tropical Pacific Ocean (Kim and Yu, 2012). The temporal standard deviation of the time series from
NorESM1-Happi (NorESM1-M in brackets) is 0.55 K (0.92 K) for Histl and 0.63 (0.86 K) for piControl.
The value from HadISST is 0.75 K, which is larger than that from NorESM1-Happi but smaller than from
NorESM1-M. The frequency of ENSO variability is reduced in NorESM1-Happi and closer to the HadISST.
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Figure S14. Decadal moving averages of the annual maximum Atlantic Meridional Overturning Circulation
(AMOC) at 26.5°N from the piControl (1850-2005; grey), Histl, Hist2, and Hist3 (1850-2005; blue),
RCP2.6 (2006-2100; green), RCP4.5 (2006-2100; blue), and RCP8.5 (2006-2100; red) experiments with
NorESM1-Happi. Units are Sv.

Comments:

The very strong AMOC in NorESM1-Happi may be due to a strong thermohaline forcing

associated with the fast cycling of fresh water and overestimated sea-surface salinity in the Arctic (Fig. S7).

As for the near-surface air temperature (Fig. S8), it takes some decades before one notices considerable
differences between the AMIP in the different RCPs. The AMOC in NorESM1-Happi is still stronger when

approaching year 2100 in RCP8.5 than in the present climate in many other models.
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Table S7. Three estimates of equilibrium climate sensitivity (ECS), two estimates of the overall feedback
parameter, and two estimates of the transient climate response (TCR) from NorESM1-Happi, NorESM1-M
(Iversen et al, 2013), and CCSM4 (Bitz et al., 2012). The estimates of AT, are calculated with the slab-
ocean model NorESM1-HappiSO (experiments SO-2xCO, and SO-4xCO,; see Table 2 and Sect. 2.1).
AT,¢4, the TOA radiative forcing R4, and the feedback parameter 4,.., are based on fully coupled model
simulations with abrupt quadrupling of CO, (abrupt 4xCO? Table S1) following the method of Gregory et
al. (2004). In accordance with Murphy (1995) AT.;r and A.rr = — Rpo/ATery (Gettelman, 2012) are
calculated assuming negligible slow feedback contributions, and Rs, = 3.5 W m? (Kay et al., 2012). The
transient values, ATrcg and ATrcgesp, are calculated from experiments where CO, concentrations are
increased 1 % per year until quadrupling (gradual 4xCO,; Table S1).

MO del ATeq ATeff ATreg Rf_reg /1reg ﬂeﬁ ATTCR ATTCR,eff
K K K wm? | Wm?K? | wm?K? K K
CCSM4
3.20 2.78 2.80 2.95 -1.053 -1.260 1.72 2.64
1 deg.
NorESM1-M
3.50 2.86 2.86 3.17 -1.108 -1.224 1.37 2.29
2 deg.
NorESM1-
Happi 3.34 2.87 2.82 3.43 -1.214 -1.220 1.52 2.47
1 deg.

Comments: NorESM1-Happi is less sensitive than NorESM1-M and slightly more sensitive than
CCSM4. The independent estimate of the TOA radiative forcing (Rqo= 3.5 W m’?; Kay et al., 2012) is larger
than regression estimates for all three models, although the difference for NorESM1-Happi is much smaller.
This difference is normally ascribed to fast feedbacks during the first year while the difference between
AT,.4 and AT, reflects the error of using linear regression due to slow feedbacks e.g. in the oceans (Senior
and Mitchell, 2000). Different estimates of the effective feedback parameter A.;r are more internally
consistent than those of 4,4, and we consider -1.22 W m? K™ to be the more reliable estimate. For the three
models, AT,..q and AT, are almost equal and the models are less sensitive than most of the CMIP5 models

(e.g. Andrews et al., 2012). While the approximate values for ECS are close, the values for TCR differ, and
NorESM1-M has the smallest values.
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Figure S15. Zonal-mean physical contributions to the feedback parameter from the Planck feedback (top
row, left), temperature feedback (top row, right), lapse-rate feedback (second row, left), albedo feedback
(second row, right), short-wave (SW) and long-wave (LW) water vapour feedbacks (third and fourth row,
left), and the SW and LW adjusted water vapour feedbacks (third and fourth row, right). The feedbacks are
defined as in Soden et al. (2008) and calculated from the abrupt 4xCO, experiments with NorESM1-Happi
(solid black curve) and NorESM1-M (dashed purple curve), applying the radiative kernel method (Soden and
Held, 2006; Soden et al., 2008; Gettelman et al., 2012). The kernels are from the GFDL atmospheric model
(AM2p12b) using climatological and seasonally varying sea surface temperatures and sea ice, and the
adjusted values for clouds account for changes in the cloud radiative forcing due to changes in the other
feedback variables (Soden et al. 2008). Global averages are given above each panel. The temperature
feedback is the sum of the Planck and Lapse Rate feedbacks. Units are W m™ K™,

Comments: Neglecting nonlinear contributions, the total feedback parameter is estimated as the sum of
the physical contributions, which gives a value of -1.67 W m™? K™ for NorESM1-Happi (-1.71 W m? K™ for
NorESM1-M). This differs considerably from the effective values in Table S7. A radiative kernel calculation
with the slab-ocean model (NorESM1-HappiSO) between equilibrated climate states, gives -1.40 W m? K™,
Assuming that the regression method (Gregory et al., 2004) is approximately consistent with the radiative
kernel method, this indicates that the difference 0.27 W m? K™ can be ascribed to slow deep ocean feedbacks
(Proistosescu and Huybers, 2017), and a residue of 0.17 W m? K™ is due to nonlinearity. The curves show
that the albedo, lapse-rate feedbacks, and to some extent the short-wave water-vapour feedbacks, contribute

to the Arctic amplification of the temperature response to increased CO, concentrations.
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