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Usual modeling chain from coupled climate models to 
impact assessment 

Somebody will apply some bias correction at some point 

Can	we	do	anything	better?	



First step: 
AGCM with corrected sea-surface conditions (SSC) 

SSC:	Sea-surface	boundary	conditions	(SST,	sea	ice)	



Simple idea 
  
•  Use observed SST+SIC for reference AGCM run (present) 

 
•  Take SST+SIC change signal from a coupled model, add to observed SST+SIC, 

use this in AGCM projection run (future) 

•  Effectively imports TCR & ECS from coupled model 

•  Similar approach frequently used in paleoclimate studies 
 

•  Sea ice a bit tricky 

•  Lots of papers on this: 
Asfaq et al., Clim. Dyn., 
2011; Haarsma et al., 
GMD, 2016; 
Hernández-Díaz et al., 
Clim. Dyn., 2017; 
Krinneret al., 2008, 2014; 
Beaumet et al., GMD, 2019 
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Abstract. Future sea surface temperature and sea-ice con-
centration from coupled ocean–atmosphere general circula-
tion models such as those from the CMIP5 experiment are
often used as boundary forcings for the downscaling of future
climate experiments. Yet, these models show some consider-
able biases when compared to the observations over present
climate. In this paper, existing methods such as an absolute
anomaly method and a quantile–quantile method for sea sur-
face temperature (SST) as well as a look-up table and a rela-
tive anomaly method for sea-ice concentration (SIC) are pre-
sented. For SIC, we also propose a new analogue method.
Each method is objectively evaluated with a perfect model
test using CMIP5 model experiments and some real-case ap-
plications using observations. We find that with respect to
other previously existing methods, the analogue method is a
substantial improvement for the bias correction of future SIC.
Consistency between the constructed SST and SIC fields is
an important constraint to consider, as is consistency between
the prescribed sea-ice concentration and thickness; we show
that the latter can be ensured by using a simple parameteri-
sation of sea-ice thickness as a function of instantaneous and
annual minimum SIC.

1 Introduction and context

Coupled climate models are the most reliable tools that we
have today for large-scale climate projections, such as in the
Coupled Model Intercomparison Project Phase 5 (CMIP5;
Taylor et al., 2012). Regional-scale information is obtained

by using these global simulations as a basis for downscaling
exercises. Dynamical downscaling, as opposed to empirical
statistical downscaling (e.g. Hewitson et al., 2014), is car-
ried out either with (very) high-resolution regional climate
models (RCMs) (e.g. Giorgi and Gutowski, 2016) or high-
resolution atmospheric global circulation models (Haarsma
et al., 2016). In both cases, information about the projected
changes in sea surface conditions, such as sea surface tem-
peratures (SST), sea-ice concentration (SIC) and sea-ice
thickness (SIT), is required as a lower boundary condition for
the higher-resolution models. However, SST and SIC condi-
tions modelled by coupled atmosphere–ocean global circu-
lation models (AOGCMs or CGCMs) show important biases
for the present climate (Flato et al., 2013; Li and Xie, 2014;
Richter et al., 2014; Levine et al., 2013; Zhang and Zhao,
2015; Stroeve et al., 2012). For example, it has been high-
lighted that most of the CMIP5 models had difficulties in
reliably modelling the seasonal cycle and the trend of sea-
ice extent in the Antarctic over the historical period (Turner
et al., 2013). Therefore, the validity and reliability of such
coupled simulations is questionable for future climate pro-
jections (e.g. the end of the 21st century), and so is their use
as boundary conditions when performing dynamical down-
scaling of future climate projections.

Prescribing correct SST is crucial for atmospheric mod-
elling because SST determines heat and moisture exchanges
with the atmosphere (Ashfaq et al., 2011; Hernández-Díaz
et al., 2017). The absence of the Pacific cold tongue bias and
the reduction of the double ITCZ problem in AMIP experi-
ments with respect to the CMIP5 model experiments
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Julien Beaumet: Simulation of Antarctic climate change using ARPEGE 5

Table 1. Summary of the period, sea surface conditions, greenhouse gazes concentration and reference historical simulation for each future
scenarios for each ARPEGE simulation presented in this paper

Simulations Period SSC GES Concentration Reference for hist. climate
ARP-AMIP 1981-2010 Observed historical -

ARP-NOR-20 1981-2010 NorESM1-M historical historical -
ARP-MIR-20 1981-2010 MIROC-ESM historical historical -
ARP-NOR-21 2071-2100 NorESM1-M RCP8.5 RCP8.5 ARP-NOR-20
ARP-MIR-21 2071-2100 MIROC-ESM RCP8.5 RCP8.5 ARP-MIR-20

ARP-NOR-21-OC 2071-2100 Bias-corrected NorESM1-M RCP8.5 RCP8.5 ARP-AMIP
ARP-MIR-21-OC 2071-2100 Bias-corrected MIROC-ESM RCP8.5 RCP8.5 ARP-AMIP

(a) ARP-AMIP

(b) ARP-NOR-20

(c) ARP-MIR-20

Figure 2. Difference between ARPEGE simulations and ERA-I
mean SLP for the reference period 1981-2010 in winter (JJA) and
summer (DJF). Value of the RMSE are given below the plots.

Table 2. Seasonal root mean square error (RMSE) on mean SLP
South of 20°S with respect to ERA-Interim for the different
ARPEGE simulations over the 1981-2010 period.

Simulations DJF MAM JJA SON
ARP-AMIP 3.3 2.7 3.1 3.0

ARP-NOR-20 3.5 4.3 4.8 4.6
ARP-MIR-20 3.2 4.0 4.6 3.2

Figure 3. Mean latitudinal profile of 850 hPa Eastwards wind com-
ponent (reference period : 1981-2010) for ARP-AMIP (grey), ARP-
MIR-20 (dashed green), ARP-NOR-20 (dashed red) and ERA-
Interim (black). Upper left : yearly mean strength (m/s), Upper right
: latitude (°), of the westerlies wind maximum or "jet".

Better present-day climate, of course 

Observed	SST	&	SIC	

SST	&	SIC	from	coupled	model	(NorESM)	

SLP	biases	

(Beaumet et al., The Cryosphere, 2019) 

Arpège	T255,	35	km	over	Antarctica	



Empirical bias correction of atmospheric models 

Nudging: 

Bias correction: 

Normal prognostic equations 

Nudging term 



Better representation of present mean climate, 
by construction 6 Julien Beaumet: Atmospheric model systematic error : Antarctic climate change

(a) ARP-AMIP

(b) ARP-AMIP-AC

Figure 1. Difference between ARP-AMIP and ARP-AMIP-AC
simulations with ERA-I mean SLP for the reference period 1981-
2010 in winter (JJA, left) and summer (DJF, right). Value of the
RMSE are given below the plots.

Table 3. Mean annual 850hPa westerly maximum Strength (WM-
STR) and Position (WMPOS) in ERA-Interim, ARP-AMIP and
ARP-AMIP-AC ± one standard deviation of the annual mean. Dif-
ferences significant at p=0.05 with respect to ERA-I are presented
in bold.

Simulation/Data set WMSTR (m.s�1) WMPOS (°)
ERA-I 12.5±0.6 -51.4±0.8

ARP-AMIP 11.1±0.5 -48.0±1.4
ARP-AMIP-AC 12.2±0.3 -51.0±0.6

discarded from the analysis. The same figure for the ARP-
AMIP simulation already presented in Beaumet et al. (2018)
can be seen in the annex for the comparison (Fig. B1). The
errors for each station and each season, as well as the mean
error and RMSE per regions are also presented in the annex5

for ARP-AMIP-AC (Tab. B1) and ARP-AMIP (Tab. B2).
The effect on AREPEGE near-surface temperatures of the
atmospheric correction can be seen in the ARP-AMIP-AC
minus ARP-AMIP difference (Fig. 4b).
On the East Antarctic Plateau (EAP), the impact of the10

atmospheric bias-correction is a moderate winter warming
(1-3K) over large parts of the central Plateau. The warm bias
with respect to MAR during this season increases, which is
confirmed for instance by a decrease of ARPEGE skills at
Vostok in all season but summer (see Tab. B2).15

Over coastal East Antarctic stations, the cold bias present
in every season, particularly in winter, is greatly reduced
in ARP-AMIP-AC. The improvement is even dramatic
for some stations of eastern East Antarctic (McMurdo,
Dumont D’Urville, Casey, Davis...). The effect of the bias 20

correction is also a cooling of some margins of the eastern
East Antarctic Plateau in summer, where the warm bias with
respect to MAR seems to decrease. However, the errors
remain substantial and significant at p=0.05 in many stations
and seasons, especially in winter (mean error⇡-2°C). No 25

improvement is found for the warm bias on the ice shelves
and coastal regions of western East Antarctica (Dronning
Maud Land).
Over West Antarctica and the Peninsula, the effect of the
atmospheric bias correction is a warming over much of 30

coastal and central West Antarctica and on the southern
and western parts of the Peninsula in winter. In summer,
this warming is restricted to the south-western part of the
Peninsula, while there is a cooling of the eastern coasts,
particularly marked on the Larsen Ice Shelves. The system- 35

atic cold bias with respect to MAR and READER stations
is greatly reduced, with the largest improvement in the
southernmost stations (Rothera and Faraday). However, the
errors remain significant in summer (mean error⇡-1.5°C).
Moreover, ARP-AMIP-AC is cold biased with respect to 40

MAR over the Larsen Ice Shelf in summer, which was not
the case of ARP-AMIP.
Finally, no substantial improvement is to be reported for the
stations from islands of the Southern Oceans where the skills
of ARP-AMIP were already high. 45

3.1.3 Surface Mass Balance

The integrated SMB and its component integrated over the
whole GIS for the 1981-2010 reference period are presented
in Tab. 4 for the two historical ARPEGE simulations pre- 50

sented in this study as well as for MAR and RACMO2 ERA-
I driven simulations. ARP-AMIP-AC SMB for the Antarctic
GIS still concurs estimates using MAR and RACMO2 (dif-
ferences lower than 1�). The total precipitation over the GIS
significantly decreases in ARP-AMIP-AC and now agrees 55

very well with estimates in the two RCMs, whereas total
precipitation in ARP-AMIP was 2.5 to 3 � higher. In ARP-
AMIP-AC, there is a decrease of run-off and surface snow
sublimation, but the estimates for these variables remain
much higher than those from MAR and RACMO2. Estima- 60

tions of surface snow melt in ARPEGE are however within
the 1� uncertainty range when compared to RACMO2.
Comparison between ARP-AMIP-AC and MAR-ERA-I spa-
tial distribution of total precipitation, surface snow sublima-
tion and SMB is displayed in Fig. 5. The same compari- 65

son for ARP-AMIP simulation already presented in Beaumet
et al. (2017) is shown in the annex for comparison (Fig. C1).
The effect of the correction of most errors on atmospheric

Uncorrected	AMIP-type	run	

Corrected	AMIP-type	run	

SLP	biases	

(Beaumet et al., in preparation) 



LMDZ,	100	km	over	Antarctica	
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substantially above 1 hPa. There seems to be a tendency for lower biases at higher resolution, but 
a regression suggests that one typically has to increase the horizontal resolution by more than a 
factor of 5 to obtain a 50% bias reduction, and scatter is substantial. In spite of its rather low 
horizontal resolution, the bias magnitude of C20 is similar to that of the highest-resolution (about 
25 km) AMIP run. 

Similarly, the annual and zonal mean zonal wind errors (Figure 3) are substantially 
reduced in simulation C20 compared to R20 (we do not show output of simulation N20 for 
nudged fields, which are bias-free by construction). In particular the tropospheric bias reduction 
over the Southern Ocean is substantial, leading to an almost vanishing bias in that area. In the 
Northern hemisphere, some biases continue to subsist (but these are weaker than in R20). This is 
probably linked to the very low model resolution in the Northern hemisphere, which is not of 
particular interest here. 

 

 
Figure 1: 1980-2000 annual mean sea-level pressure error with respect to ERA-INT (hPa). a) 
R20; b) N20; c) C20. Grid points with surface altitude above 1000 meters are masked. 

 
Figure 2: Areal-average mean absolute error (MAE, in hPa) of annual mean 1980-2000 sea-level 
pressure in AMIP-type AGCM simulations, with respect to ERA-Int. The areal average is 
calculated for all grid point south of 30°S with a surface elevation below 1000m. Green circles: 
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(Krinner et al., JAMES, 2019) 

SLP	biases	



Idée : combiner les corrections atmosphériques et à la 
surface de l’océan pour des projections 



•  CMIP3 & 5 : Mean model > any individual (global scale) 
•  Simulations: picontrol and abrupt4xCO2 
•  Variables : p, P0, T2m, T500, u200, v200, uz, vz, z500,… 
•  Compare individual model’s bias w/ ensemble mean for both periods 

piControl 

Necessary condition for projections: Bias stationarity 

(Krinner and Flanner, PNAS, 2018) 



abrupt4xCO2 

(Krinner and Flanner, PNAS, 2018) 

•  CMIP3 & 5 : Mean model > any individual (global scale) 
•  Simulations: picontrol and abrupt4xCO2 
•  Variables : p, P0, T2m, T500, u200, v200, uz, vz, z500,… 
•  Compare individual model’s bias w/ ensemble mean for both periods 

Necessary condition for projections: Bias stationarity 



A stringent test in a pseudo-reality framework 

•  We	want	to	know	whether	the	corrected	
model	really	simulates	a	more	realistic	
future	climate	(not	necessarily	a	more	
realistic	climate	change)	

•  But	we	do	not	know	the	future	climate	
(yet)	

“Pseudo-reality”	(aka	“perfect	model”)	
test:	Use	another	coupled	model	as	a	
surrogate	for	the	observable	climate	

•  Our	AGCM	has	been	trained	to	emulate	
the	present	“perfect	model”	climate	

•  In	the	“perfect	model”	world,	we	do	
know	the	future	climate	

•  Test	whether	our	“corrected”	AGCM	can	
simulate	that	future	climate	



3 AGCMs tested in CMIP5 coupled model pseudo-realities 
 
•  RCP8.5: very strong climate change 
•  LMDZ uses present-day CanESM SST + IPSL-CM5 anomalies 

(similar for CanAM and ARPEGE) 
•  Check whether LMDZ correctly represents CanESM future climate 

(similar for CanAM and ARPEGE) 



RMSE over time, corrected model relative to uncorrected model 
 
•  Here, meridional and zonal wind speed at various tropospheric levels (RMSE 

uncorrected = 1) 
•  Benefit of bias correction mostly preserved well into the future  

è bias correction remains valid 
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Comparing corrected and uncorrected regional climate projections 

LMDZ,	100	km,	using	SST	&	SIC	change	from	IPSL-CM5	(RCP8.5),	period	2071-2100	
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south in the corrected set of simulations). This means that the bias correction, which is the same 
for both periods, does not “pin” circulation features. Such a “pinning” effect might occur if a 
given circulation feature (for example, a low-level jet) is badly represented in an uncorrected 
model and the correction terms are of the order of magnitude of the feature itself. In that case, 
moderate shifts in location and magnitude of that feature, induced by changing climatic 
conditions, could be overridden by the large static bias correction terms. However, when the 
model error (and thus the bias correction) is only of similar magnitude as the projected change 
(which is often the case and also the case here), this does not occur. 

 
Figure 12: Annual mean zonal mean sea-level pressure (hPa) for the different LMDZ 
simulations (late 20th and late 21st centuries). a) absolute values; b) difference between the late 
20th and late 21st centuries in the two sets of simulations (corrected and uncorrected). 

In spite of the differences in the location of the low-pressure trough, the spatial pattern of 
sea-level pressure change between the two periods is very similar in the corrected (C21-C20) and 
uncorrected set (R21-R20) of simulations (Figure 13). This is expected as the simulated climate 
change, in particular over the Southern Ocean, is essentially constrained by the prescribed SST 
and SIC change (Krinner et al., 2014), which is the same in both sets of simulations. 
Nevertheless, the intensification of the large-scale meridional pressure gradient between the 
temperate and polar regions is significantly attenuated in the bias-corrected simulations (Figure 
13b). 
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(Krinner et al., JAMES, 2019) 

Simulated	change	of	the	SH	westerlies	(here:	zonal	mean	slp	trough):	
Similar	but	not	identical	southward	displacement	+	deepening	in	both	configurations	

Some applications 



Downscaling CMIP6 

Ongoing (1): 
 
LMDZ6, run-time bias-corrections (ERA-I), 45 km over Antarctica, IPSL-CM6 ssp585 
 
Precipitation change (%), 2091-2100 relative to 1981-2000  

LMDZ6 IPSL-CM6 



Ongoing (2): 
 
LMDZ6 256x256x79 (“MR”: 1.4°x0.7°, 79 levels) w/ run-time bias-corrections 
(ERA5) 

Scenario: IPSL-CM6 ssp585? (pattern scaling!) 

Purpose: Bias-corrected climate change projection for 
 
•  RCMs: Antarctica, 

Greenland, Andes, 
Himalaya, West Africa, 
Arctic, Europe ? 
 

•  Land-surface models 
 

•  Ice sheet models 
 

•  Ocean models 

	



•  Correction	de	biais	dans	l’atmosphère	et	à	la	surface	de	l’océan	pour	AGCM	

•  Semble	valide	pour	des	projections	climatiques	

•  Simulations	LMDZ	(en	grille	régulière)	comme	CL	pour	modèles	régionaux	

•  Simulations	LMDZ	zoom:	avec	correction,	ou	guidées	par	simulations	régulières	débiaisées	

•  Bien	sûr	on	préférerait	avoir	un	GCM	sans	erreurs	dès	le	départ…	

En résumé 


