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Climate and Earth System models

An artist's impression of Richardson's forecast factory 
(thanks to Francois Schuiten for permission to reproduce image) 

http://www.ucd.ie/news/dec06/121506_weather_forecast.htm
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Climate and Earth System models
Physical processes and resolution

Earth System Processes

Engineering



More ESM complexity 
and feedbacks

� Responses to a  warming climate and increasing CO2 concentrations, some 
of which may feedback onto global climate change itself.

− ocean acidification, and impacts on marine ecosystems and carbon uptake
− permafrost melt and it’s socio-economic impacts and effects on methane/carbon 

release
− wetland methane (CH4) emissions and 
− changing wildfire risk, associated effects on land cover, carbon uptake and 

emission of chemical constituents 
� ESMs provide a more direct link between climate change and human 

activities, e.g. for near-term mitigation of aerosols, methane and black 
carbon, and long-term emission pathways

� Political options; the level of CO2 emissions compatible with a given climate 
stabilization target (e.g. 2 deg); long term consequences of missing the Paris 
emission pathway
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Climate models  

https://earth.nullschool.net/ 



Parameterized processes 

ECMWF 



Energy fluxes in the climate system 

IPCC, 2013 



Cloud responses to warming 

All radiatively important cloud responses matter for 
climate sensitivity 

Clouds and general circulation are always linked 



Evaluation of climate models targeting 
parameterized processes 

 
• Subtropical low-level clouds 

 
• Arctic clouds 

 
• Diurnal cycle of near surface variables and  
 impact on general circulation  
 

Process evaluation – targeting a specific regime, 
process or parameterization 

 
Evaluation + observations + process modeling/theory  

model development 
 



Subtropical low-level clouds 
CMIP3 models 

”Too few and too bright” 
 

Karlsson, Svensson and 
Rodhe, 2007 



• More sophisticated evaluation 
using simulator techniques 
 

• Still ”too few and too bright” 
 
• Some models show substantial 

improvement 
 

Subtropical low-level clouds 
CMIP5 models 
Calipso Satellite Observations 

Climate Models using simulator 

Bias 



Subtropical low cloud feedbacks 

The response of tropical low clouds to warming 
is the single cloud type with the strongest 

correlation to equilibrium climate sensitivity 



Arctic clouds in CMIP5 (and CMIP3)  
sea-ice covered points north of > 66.7°N 
 
 

Karlsson and Svensson, 2011, 2013 

CMIP3 model  
envelope 



Karlsson and Svensson, 2013 

CMIP3 model  
envelope 

Arctic clouds in CMIP5 (and CMIP3)  
sea-ice covered points north of > 66.7°N 
 
 



Woods, Caballero and 
Svensson, 2013 

Large-scale circulation and clouds 
Intrusion of moist and warm air 



CMIP5 ERA-Interim Bias 

All 

Atlantic 

Pacific 

Woods, Caballero and 
Svensson, 2013 & 2017 

Large-scale circulation 
Mean climatological intrusion trajectory density 
during DJF 1981–2005 for all intrusions 

Number density (400 x 400 km 2) -1 



Airmass transformation 
Transport in over sea ice, Lagrangian perspective 

What 
determines 
their lifetime? 

Figure by T. Mauritsen 



AOSCM – Atmosphere Ocean Single 
Column Model of EC-Earth   



AOSCM 
Simulation of Arctic cloud observed during the Ice 
breaker Oden expedition ACAS 
 

  
LES - MIMICA 

SCM – LES  

AOSCM  

AOSCM 

AOSCM 

Sotiropoulou et al., Svensson and Hartung, in preparation 

AOSCM for 
LES case 
Sensivitity to 
time step and 
coupling 
frequency 

SCM for LES 
case 
Atmos. only 

LES case 

LWC 
(g kg-1) 

Time (hours) 
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AOSCM 
Simulation of Arctic cloud observed during the Ice 
breaker Oden expedition ACAS 
 

Sotiropoulou et al., Svensson and Hartung, in preparation 



  
coupled – uncoupled 
LES forcing 

LES sensitivity 
to advection 

AOSCM 
Simulation of Arctic cloud observed during the Ice 
breaker Oden expedition ACAS 
 

Sotiropoulou et al., Svensson and Hartung, in preparation 



CMIP5: 
Diurnal temperature 
range 
Tmax-Tmin 

Lindvall and Svensson, 2014 



Default CAM5 (CONTROL) 
No atmospheric turbulence when Ri > 0.19 

CAM5 with some 
diffusion in very 
stable conditions 
(Longtail) 

Lindvall, Svensson and Caballero, 2016 

Experiments in CAM5.3 
10-year AMIP-type experiments 

1 degree 
resolution 
& 
30 vertical 
layers 
 
PBL scheme: 
Bretherton and 
Park, (2009) 
 
Land model 
use long-tail 
functions 
 
 
 
 
 
 



Atmospheric blocking frequency 

All model 
versions have 
too few 
blockings, 
specially for 
the Euro-
Atlantic sector 

Euro-Atlantic sector Pacific sector 

Control is closer 
to observations 

Lindvall, Svensson and Caballero, 2016 



No version 
captures the 
Atlantic 
blockings in 
winter   

Atmospheric blocking frequency 

Lindvall, Svensson and Caballero, 2016 



Conclusions 

 
• Clouds have improved over the last decades and their feedback 

sign are mostly known. However, subtropical clouds are still too 
few and too bright 
 

• Arctic clouds are important for the energy budget at the ice 
surface, even more difficult to represent  
 

• Large intermodel spread in diurnal temperature range 
 

• Boundary-layer processes are not well represented neither in 
mean or diurnal cycle and have effects on large-scale phenomena 
like atmospheric blockings 

 
 

A coupled single-column model, AOSCM, is designed to aid model 
development. It can be used as a bridge between observations/process 

modeling and the full GCM 
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The Future of Carbon Cycle Modelling in 
Earth System Models (ESMs)  
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• Motivation 

• Earth System Models (ESMs)  

• Some lessons from the evaluation of C4MIP (pre-AR5) and 
CMIP5 (in AR5) ESMs 

• What we need to improve (with a land emphasis) 

• EC-Earth ESM with interactive carbon cycling: EC-Earth CC 

• Key new components 

• Take home messages 

This talk 



*Ciais et al. 2013. 
IPCC-AR5, Ben Smith 
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Approx. 25% of C emissions  
Are taken up by terrestrial 
ecosystems due to 
surplus of photosynthesis 
relative to respiration and 
emissions from wildfires 

The land and oceans currently take up about 
50% of mankind’s annual CO2 emissions 

Emissions: 400+/-20 GtC 

Land use: 145+/-50 GtC 

Atm: 230+/-5 GtC 

Ocean: 155+/-20 GtC 

Land: 160+/-60 GtC 



ESMs extend AOGCMs to include biogeochemical processes  
and feedbacks 

Ilyina and Friedlingstein, 2016 
WCRP Grand Challenge ”Carbon Feedbacks in the Climate System”  

Dynamic  
Vegetation 

AOGCMs 

Full ESMs 

Terminology  
 

β: the sensitivity of land and  
ocean carbon storage to ΔC 
Units: GtC/ppm or GtC/GtC 

 
γ: the sensitivity of land and  
ocean carbon storage to ΔT 

Units: GtC/K 
 
 
 



• Formal feedback 
analysis using C4MIP 
ESMs (pre-AR5) 

• Compared climate and 
carbon feedbacks using 
the same units 

• Concentration-carbon 
feedback is larger, more 
uncertain, and of a 
different sign to the 
climate-carbon feedback 

 

Carbon cycle feedbacks are of a similar magnitude  
to physical climate feedbacks 

Gregory et al., 2009 

Warming 

Cooling 



• Formal feedback 
analysis using C4MIP 
ESMs (pre-AR5) 

• Compared climate and 
carbon feedbacks using 
the same units 

• Concentration-carbon 
feedback is larger, more 
uncertain, and of a 
different sign to the 
climate-carbon feedback 

•  β = 1.16 +- 0.28 GtC/GtC 

•  γ = -109 +- 50 GtC/K 

Carbon cycle feedbacks are of a similar magnitude  
to physical climate feedbacks 

Gregory et al., 2009 

Warming 

Cooling 



Headline IPCC AR5 result: Temperature responds 
nearly linearly to cumulative emissions (”TCRE”) 

IPCC AR5 WG1 SPM 



Headline IPCC AR5 result: Temperature responds 
nearly linearly to cumulative emissions (”TCRE”) 

IPCC AR5 WG1 SPM 

Policy relevant 
uncertainty in 

”allowable emissions”  
due to uncertainties in   

β and γ 



Feedback analyses of AR5 ESMs help us to 
identify model development priorities 

Units of each term: GtC yr-1 

• Confirmation that the net carbon feedback on climate comprises two strong 
and opposing feedbacks 

• Concentration-carbon feedbacks are stronger and more uncertain than 
carbon-climate feedbacks 

• Land response generally higher and more uncertain than ocean 
• Models with a terrestrial N cycle are less sensitive to CO2 and climate  

Ciais et al. Ch. 6  
AR5 WG1, 2013 



• Land Use Change (LUC) emissions were treated differently in the models  
• Some AR5 models had dynamic vegetation  
• Some AR5 models had nutrient (N) limitations on plant growth 
• No AR5 model included dynamic vegetation AND C-N interactions 
• More agreement as to the sign and approximate size of the ocean sink   

Friedlingstein et al. 2014 
J. Climate 

LUC emissions prescribed 
LUC emissions calculated 
With N limitation on plant growth 

An uncertain future for the terrestrial carbon sink 
11 CMIP5 ESMs (RCP 8.5 CO2 emissions) 



• Land Use Change (LUC) emissions were treated differently in the models  
• Some AR5 models had dynamic vegetation  
• Some AR5 models had nutrient (N) limitations on plant growth 
• No AR5 model included dynamic vegetation AND C-N interactions 
• More agreement as to the sign and approximate size of the ocean sink   

Friedlingstein et al. 2014 
J. Climate 

LUC emissions prescribed 
LUC emissions calculated 
With N limitation on plant growth 

An uncertain future for the terrestrial carbon sink 
11 CMIP5 ESMs (RCP 8.5 CO2 emissions) 

OCEAN 



CMIP5 ESMs overestimate CO2 fertilization 

*Kolby Smith et al., NCC 2015 
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• The large spread in ESM soil C is due to differences in NPP and parameterization 
of heterotrophic respiration response to soil water and temperature 

• Soil C stocks are determined by NPP and temperature in ESMs - but not in 
observational datasets!! Soil C stabilization processes are missing. 

• 14C studies (He et al. 2016) show that ESM soil C sequestration could be too high 
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Anav et al. 2013. Todd-Brown et al. 2013 

There is a large spread in the modelled terrestrial ecosystem C pools 
in IPCC-AR5 carbon-climate ESMs 



Geographical focus areas 
emerge from AR5 experiments 

β γ 

• Tropical ecosystems, the Southern Ocean and northern high latitudes 
emerge as key areas in determining feedback strength 

• Modelled physics (from the AOGCM) is very important, e.g. sea ice, AMOC, 
and CO2 solubility (ocean), soil moisture & temperature (land) 

   

Ciais et al. Ch. 6  
AR5 WG1, 2013 



• Such studies, across recent generations of models, help us to 
identify key processes that should be improved and added.  

• CO2 fertilization of photosynthesis using, e.g. existing and new 
(e.g. tropics) FACE experiments, and N and P limitations on this.   

• Once C enters the system (NPP), we need to improve our 
understanding of how long it stays there. Thus, the processes and 
timescales associated with allocation of the assimilated C into 
biomass, its turnover, and its subsequent decomposition once it 
reaches the soil, must included and better constrained in models.   

• Vegetation reacts to and feeds back upon climate, physically and 
biogeochemically – we must have more plant ecology in ESMs 

• Greater coordination of ESM experiments is needed – being 
addressed in CMIP6/C4MIP and Horizon 2020 CRESCENDO  

Focus areas for future developments 



Trend attribution from models: 
• CO2 fertilization (increased primary production  
• Climate change 
• Nitrogen deposition 
• Land cover change 

Zhu et al. (2016), Nature Climate Change 

Change in land surface greenness 
1982-2009  

Vegetation cover and productivity have increased 
in concert with recent decades’ climate warming and  

CO2 increases 

Recent greening trends have mitigated 
background climate warming, mainly due 

to increased evapotransipration  



Simulated NPP enhancement using LPJ-GUESS 

Hickler et al. 2008. Global Change Biology 

Physiological effects of rising CO2 on 
plant productivity and water-use account for part*  

of sink and greening * estimates suggest ~60% 

More FACE data needed, and 
systematic evaluation of land BGC 

with these data in CMIP ESMs 



• More trees in the Amazon 
now dying per year 

• Drought plays a role, but:  

• Tree life cycles are 
accelerated, with  
associated costs and 
shorter lifespans 

• Few models have taken 
these demographic 
feedbacks into account, 
and no CMIP5 models 

Models must represent plant size structure and demographics to 
better capture biomass and CO2 exchange  

Brienen et al. 2005 
Nature 438: 846-849 

Biomass accumulation is 
decreasing in Amazon plots  

Productivity increases have now 
levelled off  

Biomass mortality is increasing, leading to 
faster turnover (shorter residence times) 



Arctic vegetation feedbacks show the potential for 
dynamic vegetation change to alter local climate  

• Seasonality shift – longer growing season, earlier temperature peak 
• Evaporative cooling evens out growing season temperature profile 

→ favours further shrub encroachment and treeline advance, and alters projections 
of C exchange and permafrost occurrence 
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• The EC-Earth consortium has Swedish partners from SMHI, Lund 
University and Stockholm University  

• The EC-Earth carbon-only ESM comprises state-of-the-art land 
(LPJ-GUESS), ocean (PISCES) and atmosphere (TM5) 
biogeochemistry components 

• It will be the first time that EC-Earth has participated in CMIP with 
an ESM. (One of 20 C4MIP ESMs, up from 11 in CMIP5) 

• Planned contributions to C4MIP and LUMIP will reduce the 
scientific and policy–relevant uncertainties shown earlier  

• Availability of high-performance computing (HPC) resources is key 
to running these complex model experiments 

• Swedish government funding for Strategic Research Areas 
(SFO:n) and individuals (e.g. VR, Formas, Vinnova) has been, and 
will continue to be, vital to this effort    

Swedish carbon cycle modelling in CMIP6 



LPJ-GUESS 
Version 4 

(vegetation & 
BGC) 

HTESSEL 
(land surface) 

NEMO/PISCES 
/LIM3 

(ocean, sea ice,  
BGC) 

Software  
Coupler 

LAI, high & 
low vegetation 
tile fraction 

& types 
Crops and pasture 

temperature 
radiation 

Precipitation 
Soil state 

NEE/CO2 

[CO2] 

IFS 
(atmosphere) 

TM5 
(CO2 transport) 

Implemented 

Carbon Cycle 

EC-Earth Carbon ESM in CMIP6 

CO2 

External Forcing &  
Boundary Conditions: 

Land use 
CO2 emissions 
N deposition 

runoff 

Anthropogenic CO2 



What new model components should we 
prioritize? 

• Feedback analysis highlight a potential for positive feedbacks to climate 
from permafrost C emissions and CH4 emissions from natural wetlands 

• Permafrost C interactions, peatland C accumulation and wetland CH4 
interactions were not included in earlier ESM intercomparisons 

• LPJ-GUESS will add permafrost CO2 and wetland CH4 to EC-Earth ESM in 
CRESCENDO   Ciais et al. 2013, Arneth et al. 2010, Schuur et al. 2016 
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Permafrost C  
Emissions: 92 GtC 



• Systematic and comprehensive ESM evaluation. E.g. using 
ESMValTool with CMIP6 models  

• Sub-gridscale hydrology will allow us to capture nonlinear C cycle 
processes such as peat formation and CH4 emissions     

• Model studies of soil microbial biomass and growth predict smaller 
warming-induced losses of soil C. Does the structure of existing 
soil C models need to change?      

• Phosphorous limitation in addition to N important in the tropics 

• New ecosystem disturbances such as insect attacks    

• Plant functional types (PFTs) must be added that can better 
quantify the potential for bioenergy carbon capture and storage 
(BECCS) to mitigate climate change  

Other necessary model ingredients 



• Carbon cycling modelling in ESMs has advanced – more 
components are now considered and evaluation is improving 

• However! There is a large spread in the magnitude of the 
modelled C pools and fluxes, and in the strength of CO2 
fertilization. 

• Large uncertainties still remain regarding the strength of the 
carbon-climate feedback components on land and in the ocean 

We need: 

• Greater coordination of experiments/strict protocols (e.g Land use) 

• Greater/systematic evaluation and benchmarking of models 

• Regional foci can help us to reduce uncertainties 

• Greater use and evaluation of existing components (e.g. N cycle, 
dynamic, individual-based vegetation) – more ecology in ESMs! 

• To continue to add new, important components 

Take home messages 



Thank you! 
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What is tuning? 
 Climate models have finite resolution and cannot resolve small-scale processes 
 Some processes that are important in reality are not represented in climate 

models 
 The effects of omitted and subgrid-scale processes are described by 

parameterisations 
 Parameters are more or less well constrained by observations 

 

Tuning targets: 
• global net top-of-atmosphere flux 

(70% of modelling centres) 
• global-mean surface temperature 

(26% of modelling centres) 
Hourdin et al. (2017), BAMS  

Tuning parameters 
• cloud microphysics (65%) 
• convection (52%) 
• cloud fraction (52%) 
• snow albedo (79%) 
• sea ice albedo (57%) 
• ocean mixing (57%) 
• orographic drag (57%) 
• cloud optical properties (48%) 
• soil properties (43%) 
• vegetation properties (39%) 

Hourdin et al. (2017), BAMS  

Tuning aims at finding a set of parameters 
that brings one or a few selected quantities 
of a climate model close to a given target 



Tuning targets in EC-Earth 
Atmosphere 
 0.5 W m-2 flux at SFC under present-day conditions 

 
Ocean 
 Realistic MOC 
 Realistic Arctic sea-ice extent and thickness 

 
Coupled 
 No long-term drift 
 Near SFC temperature close to observed 
 Fair representation of European climate (bias, seasonal cycle) 
 Major modes of variability (ENSO, AMOC, NAO, more?) reasonably well 

captured 



Atmosphere tuning parameters 
Parameter Reference Tuning 1 
RPRCON  1.2  1.55 
RVICE 0.13  0.085 
RLCRITSNOW 3  4.2 
RSNOWLIN2  0.035  0.036 
ENTRORG 1.5 0.65 
DETRPEN  0.75 0.5 
ENTRDD 3 4 
RMFDEPS 0.3  0.2 

Parameters for ice microphysics and convection 
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Mauritsen et al (2012) 



EC-Earth atmosphere model tuning 
simulator 



EC-Earth atmosphere model tuning 
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EC-Earth atmosphere model tuning 
simulator 

 
• The tuning simulator is not the end of the 

story, the set of parameters is then tested in a 
full simulation. 
 

• Multiple sets of tuning parameters can be 
found, how different are the resulting climate 
states? 
 



Tuning of the coupled model 
 
Problem: need long runs (100s of years) to bring the ocean into equilibrium 

 
First estimate of the equilibrium 
temperature and climate sensitivity 
can be obtained with a so called 
Gregory plot 

Mauritsen et al (2012) 



Initial 
Flux/SST 
combination 

0 Net sfc flux  equilibrium SST 



An early example 

Preindustrial Present day 

Climate sensitivity ~ 3 K for a doubling of CO2 

Equilibrium SFC temperature 



Take home message 
 

 Details of the tuning process have not been communicated, yet this may change 
now. 
 

 Most global models focus on one or a few global mean target variable(s). 
 

 Finding suitable tuning parameters is as much art as science. 
 

 Multiple sets of tuning parameters with similar performance can be found, which 
one to pick? 
 

 Coupled model tuning is a time-consuming endeavour because of long-term 
adjustments, Gregory plots can give a first estimate for equlibrium temperature 
and climate senisitivty but need to be substantiated in the real experiment 
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Introduction 

Yes, a Warmer Arctic Means Cold 
Winters Elsewhere. Here's How. 

The Guardian, 14 Sep 
2012: Arctic sea ice melt 
'may bring harsh winter to 
Europe' 

National Geographic, Jan 2017: 
Why a Warming Arctic May Be Causing 
Colder U.S. Winters 

EXPRESS, 8 Jan 2017: 
UK BLIZZARD WARNING: Britain to be 
hit by ARCTIC MEGAFREEZE in just SIX 
DAYS 



Introduction 

+ 
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Hundreds of articles but no concensus: 
Mori et al. 2014 (Nature Geoscience):   
Sea ice reduction affects temperature in lower 
latitudes 
McCusker et al. 2016 (Nature Geoscience):  
No evidence that ice sea ice reduction has any 
impact on observed temperature trends in lower 
latitudes. 
Problem: Observations are short,  
Model experiments use single models and different 
set-ups. 



GREENICE-Project 
Coordinated multi-model ensemble experiments: 
 
6 atmosphere models  
1982-2014 
 
EXP1: uses daily varying SST  
and sea ice as boundary  
conditions from NOAA OISST. 
EXP2: uses daily varying  
sea ice concentration but  
climatological SST.  
 
 
 
 Study 1: Impact of sea ice loss on northern hemisphere climate changes. 

F. Ogawa, N. Keenlyside, Y. Gao, T. Koenigk, S. Yang,L. Suo, T. Wang, G. Gastineau, T. Nakamura, H. N.Cheung, N. Omrani,  
J. Ukita, V. Semenov: Evaluating impacts of the Arctic sea-ice loss on the northern hemisphere climate changes.  
Submitted 
 

Study 2: Impact of sea ice variations on northern hemisphere temperature variations. 
T. Koenigk, Y. Gao, G. Gastineau, N. Keenlyside, T. Nakamura, F. Ogawa, Y. Orsolini, V. Semenov, L. Suo, T. Tian, T. Wang,  
J. J. Wettstein, S. Yang: Impact of Arctic sea ice variations on winter temperature anomalies in northern hemispheric land areas. 
Submitted 
 

 



Winter T2m trend 1982-2014 

 Sea ice reduction has little affect on winter temperature trends 
 in lower latitudes.  
 Observed winter cooling trend over Asia is likely due to natural variability. 
 

Winter T2m-trend 1982-2014 i EXP1, EXP2, ERA-interim 

ERAint EXP1 EXP2 

Observed cold trend  
but low significance  

(Ice+SST) (Ice) 



Zonal mean DJF T2m anomalies 

 
Cold (warm) Arctic 
– warm (cold) mid 
latitudes 

 
Cold (warm) Arctic 
– warm (cold) mid 
latitudes partly 
reproduced 

 
Cold (warm) Arctic 
– warm (cold) mid 
latitudes not well 
reproduced 

ERA-interim EXP1 EXP2 (Ice+SST) (Ice) 



Impact of sea ice on DJF T2m variability 

Correlation between DJF T2m in EXP1, 
EXP2 and ERA-interim  
 
 
 Sea ice variations are important for winter 

T2m-variations in Northern Europe. 

  S Europe 
30-50N 
5-40E 

SW 
Central 
Asia 
30-50N 
40-100E 

SE 
Central 
Asia  
30-50N 
100-140E 

SW N 
America  
30-50N 
230-250E 

SE N 
America 
30-50N 
250-300E 

N 
Europe 
50-70N 
5-40E 

NW Asia 
50-70N 
40-100E 

NE Asia 
50-70N 
100-160E 

NW N 
America 
50-70N 
200-250E 

NE N 
America 
50-70N 
250-300E 

EXP1-
detr 

0.54 0.40 0.60 0.86 0.55 0.76 0.56 0.30 0.47 0.54 

EXP2-
detr 

0.02 0.24 0.29 -0.01 -0.03 0.75 0.21 0.19 0.13 0.50 



T2m-anomalies in N Europe 1982-2014 

ERA-interim values divided by 3 
 
 High correlation but amplitude strongly underestimated 



PDF of cold N European winters 

 

 

Winters with detrended T2m-anom < -1.5 stddev have been selected. 



Summary and Conclusions 

 

 

 Sea ice trends affect temperature trends in the Arctic,  
northeastern North America and Scandinavia but have little 
impact on mid-latitudes. 
 
 Sea ice variations strongly affect winter temperature  
variations in northern Europe but have little effect on other mid 
and high latitude land regions. 
 
 Specific sea ice conditions in the observed cold N European 

winters increase the probability for occurrence of colder than 
normal winters,  

    but occurrence of extremely cold winters is mainly due to      
    internal atmospheric dynamics.  

 
 The results are robust across models.   



Relation between N European winters 
and preceding ice anomalies  



All winters 

Distribution over 200 sets of 120 
 randomly selected winter 



Winter SLP-trend 1982-2014 

Winter SLP-trend 1982-2014 i EXP1, EXP2, ERA-interim 

ERAint EXP1 EXP2 

 Observed SLP-trends can explain the observed T2m trends. 
 Atmospheric circulation trends in models agree over the Pacific  but not over 

Arctic, Atlantic, and Eurasian regions. 

(Ice+SST) (Ice) 



Correlation: EXPs vs ERA-interim 
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Outline
Ø How are the nations doing with 

what they agreed in Paris?
Ø What societal challenges we are 

facing from various perspectives?
Ø Scientific challenges and 

opportunities for Earth System 
Modeling



(IP
C

C
 2

01
3,

 F
ig

. S
PM

.1
0)



4

What is the biggest threat
to humankind?

Do great minds think alike? 
The THE/Lindau Nobel 
Laureates (50) Survey by 
Jack Grove on 31 August, 
2017 on Times High 
Education
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Nature, 2016



World Economic Forum: Global Risks
2007-2016 in terms of likelihood

World Economic Forum: Global Risks 2016



The Belmont Challenge
2010

Regional Environmental Change: Human Action and 
Adaptation
• The following require regional and decadal prediction, 

advanced observing systems, and inclusion of social 
sciences. They involve synergy of multiple stressors, 
including extreme events.

• Coastal zone
• Water cycle & resources
• Ecosystem services – food security
• Most vulnerable societies (geographic areas), with low capacity 

and high societal impact



Important Requirements (1)

• Agencies/countries must work together and 
support research based on societal needs, not 
on their own agenda

• Use the successful weather-climate observation 
and prediction systems as the foundation for the 
next generation Earth system monitoring , 
analysis and prediction system

• Provide detailed regional information but 
recognize that these require global models that 
can represent high resolution processes such as 
surface hydrology.



Important Requirements (2)

• Communicate the excitement of the 
problem to a new generation of natural 
and social scientists, including 
scientists in emerging countries.

• Maintain and expand the global 
observing system.

• Provide the supercomputing capability 
needed to resolve key high-resolution 
processes and treat complexity  in Earth 
system models.



What we 
need

§ The development of an Apollo-type program with an 
internationally-funded infrastructure, and specifically 

Ø a multi-national supercomputing capability that 
allows the development of global models at typically 1 
km resolution;

Ø models that are adapted to massively parallel multi-
petaflop machines (>100,000 processors)

Ø coherent observations, data systems, and shared 
standards that allow easy exchanges of data

Ø human resources that conduct innovative research
Ø services that deliver science-based information to 

society 



The	concept	and	design	
principle	of	Future	Earth

2010



Research	questions:	the	five	Grand	Challenges

12

Thresholds



The world scientific Community in climate reseach 
responded promptly to the call….
BAMS: 2010



Develop a broad and integrated information, prediction and knowledge system 
(with regional focus) to inform society of options regarding mitigation and
adaptation strategies



Current Grand Challenges: WCRP

Ø Melting ice and global consequences
Ø Clouds, circulation and climate sensitivity
Ø Carbon feedbacks in the climate system
Ø Weather and climate extremes
Ø Water for the food baskets of the world
Ø Regional sea-level change and coastal   

impacts
Ø Near-term climate prediction



HPC dimensions of Climate Prediction

Data Assimilation

New	Science

Spatial
Resolution

Ensemble	size

Timescale

Better	Science
(parameterization	→	explicit	model)(new	processes/interactions	

not	previously	included)

(simulate	finer	details,	
regions	&	transients)

(quantify	statistical	properties	of	simulation) (decadal	prediction/	initial	value	forecasts)

(Length	of	simulations
*	time	step)

Source: L. Buja (NCAR) / T. Palmer (ECMWF)
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Tibetan Plateau and major rivers in Asia



Su,	F.,	X.	Duan,	D.	Chen,	Z.	Hao,	and	C.	Lan,	2013:	Evaluation	of	the	Global	Climate	
Models	in	the	CMIP5	over	the	Tibetan	Plateau.	J.	Climate.



Added	value	by	dynamic	downscaling	with	WRF	
(30	km	resolution),	means	for	1979-2011		

19

Gao, Y., J. Xu, D. Chen, 2015: Evaluation of WRF Mesoscale Climate Simulations over 
the Tibetan Plateau during 1979-2011, J. Climate.



WRF Setup

D01 150*150
dx = 30 km

D02 181*100
dx = 10 km

D03 181*121
dx = 2 km

Simulation Period:
5/26-9/1,2015

glaciers
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Vertically 
integrated



Chen, D. Y. Tian, T. Yao, 
T. Ou, 2016: Satellite 
measurements reveal 
strong anisotropy in 
spatial coherence of 
climate variations over 
the Tibet Plateau. 
Scientific Reports.
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