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• Earth climate system is a multi 
component & complex system, with many 
coupling and feedbacks 

• Atmospheric chemistry = one part of 
the Earth Climate system.  

• Importance of the links between 
chemistry and climate 

Climate	
  
Atmospheric	
  
chemistry	
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Tools for understanding atmospheric chemistry 

In-situ measurements 
Satellite 

Intensive campaigns 
Observation simulators 

Models 

Site de mesures de Yosemite (USA) 

Lancement de ballon sonde depuis 1966 à Syowa  

Chambre de simulation 
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Natural and 
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activities 

Troposphere 

Oceans 

Ecosystems 

Transport 

Agriculture 

Biomass burning 

Industries 
Megacities 

Climate 
Air  

Quality OH 

O3 

CH4 
CO 

COV 

NOx 

Aerosols 

Chemistry 

Emissions per 
category for different 
compounds 

NOx CO NMHC aviation 

Biomass 
burning 

lightenings 

soils 

Fossil fuels 
Biomass 
burning 

Fossil fuels 

Biomass 
burning 

Fossil fuels 

vegetation 

vegetation 

ocean 

ocean 

Stratopshere 

Why ozone ? 
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⇒ [NOx] drives chemical regimes 
⇒ [NOx] allows reservoir species 

Tropospheric  
chemistry : some 

basics 

O(1D) + H2O → 2OH  
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Precursors 
NOx/COV/CO 

Reservoirs species 
PAN/hydroperoxyde… 

HOx/NOx 
reactivity 

hν T 

HOx/NOx 
reactivity 

hν 
T 

Free troposphere 

satellite GOME 

Year 2000 (mean) van Noije et al. 2006 

NO2 tropospheric columns  

Mixing layer 

[mol/cm3]x1015  

The lifetime of PAN is 1 hour at 295 K and several 
months at 250 K (strong T dependence). 

Tropospheric chemistry : Peroxy Acetyl Nitrate (PAN) 
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Climate	
  
Atmospheric	
  
chemistry	
  

Atmospheric chemistry can impact Climate 
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Changes in greenhouse gases mixing ratios 



First Winter School PKU-LSCE on Earth System Science, Feb 13-17 2012 
10 Isaksen et al. , 2009 

Changes in greenhouse gases mixing ratios 

Tropospheric ozone 
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Changes in greenhouse gases mixing ratios 

Stratospheric  
ozone 

Hocke et al., SPIE, 2009 

Montreal protocol  

Towards recovering 
Ozone levels from the 

1970s (?) 
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Radiative forcing for 1750-2005 

IPCC, 2007 

Concentration-based point of view 
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Atmospheric Gases Aerosols, Sun, Albedo 

Radiative forcing for 1750-2005 

IPCC, 2007 ; Shindell et al., 2005 

Emission-based point of view 
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Climate	
  
Atmospheric	
  
chemistry	
  

Climate can impact atmospheric chemistry 
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What is the evolution of tropospheric ozone  
under a changing climate ? 
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Method	
  :	
  	
  

Emissions Sea Surface 
Temperature 
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Transport 
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- convection 
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Dynamique LPJ 
Modèle de dynamique de la 
végétation 

ORCHIDEE VOCs emissions 

Modelling	
  tools	
  

4 simulations 

NOx  in Tg(N)/yr, CO and CH4 in Tg/yr. VOC in Tg(C)/yr. 

2000 
2100A : only anthropogenic  emissions change 
2100AB : changement A + biogenic emissions 
2100ABC idem + Realistic climate change 

(surface+ aircraft) 

LMDZ – INCA - ORCHIDEE 

Evolution of tropospheric ozone under a changing climate 

Hauglustaine 
 et al., 2004 

Krinner et al., 2005 
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Ozone	
   increases	
   throughout	
   the	
  
whole	
   troposphere	
   with	
   a	
   maximum	
  
increase	
  reaching	
  70%	
  2100ABC.	
  In	
  the	
  
lower	
  troposphere,	
  ozone	
  increases	
  by	
  
60%	
   in	
   the	
   tropics	
   and	
   by	
   40%	
   at	
  
higher	
  laFtudes	
  in	
  exp.	
  2100ABC.	
  

Evolution of tropospheric ozone under a changing climate 
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Effects	
  of	
  Biogenic	
  emission	
  changes	
   Effect	
  of	
  climate	
  change	
  

Evolution of tropospheric ozone under a changing climate 
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Δ Surface ozone (JJA) 2100 - 2000 
Climate effect on 
bcgd ozonLMDz-
INCA) 

T increases=> PAN destruction 
increases=> O3 increases 

Changes in background ozone and general circulation 

Evolution of tropospheric ozone under a changing climate 
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Latitudes 

Δ Surface ozone (JJA) 2100 - 2000 

Δ Zonal Mean ozone (JJA) en % 

Decrease of O3 where 
photochemical destruction by 

H2O dominates 

Modif convection => lightening 
increase => 50% de NOx en + => 
increase of O3 

+ More Brewer Dobson circ. , 
more Strato. Tropo. Exchange 

The	
  impact	
  of	
  climate	
  change	
  is	
  to	
  increase	
  both	
  the	
  ozone	
  photochemical	
  producFon	
  and	
  destrucFons	
  terms.	
  Overall,	
  
the	
  increased	
  destrucFon	
  dominates	
  and	
  the	
  net	
  chem	
  prod	
  is	
  reduced	
  by	
  308	
  Tg/yr	
  from	
  exp.	
  2100AB	
  to	
  2100ABC.	
  	
  

Changes in background ozone and general circulation 
Climate effect on 
bcgd ozonLMDz-
INCA) 

T increases=> PAN destruction 
increases=> O3 increases 

Evolution of tropospheric ozone under a changing climate 
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• Increased	
  precursor	
  emissions	
  :	
  ozone	
  increase	
  in	
  the	
  whole	
  troposphere.	
  

• Climate	
   change	
   :	
  warmer	
  and	
  wePer	
   climate	
  enhanced	
  ozone	
  photochemical	
   destrucFon	
  and	
   tends	
   to	
  
decrease	
  ozone	
  and	
  offsets	
  the	
  emissions	
  related	
  increase	
  below	
  about	
  500	
  hPa.	
  

• BUT	
  Climate	
  change	
   :	
  more	
   intense	
  Brewer-­‐Dobson	
  circulaFon	
  causes	
   the	
  stratospheric	
  ozone	
   influx	
   to	
  
increase	
  by	
  35%	
  and	
  a	
  more	
  vigorous	
  convecFve	
  acFvity	
   induces	
  an	
   increase	
  of	
   lightning	
  NOx	
  emissions	
  
from	
  5	
   to	
   7.5	
   Tg(N)/yr.	
   In	
   the	
  upper	
   troposphere,	
   ozone	
   is	
   further	
   increased	
  between	
  50	
   S–50	
  N	
  when	
  
climate	
  change	
  is	
  considered.	
  	
  

• As	
  a	
  result,	
  climate	
  change	
  slightly	
  decreases	
  the	
  global	
  tropospheric	
  ozone	
  burden.	
  	
  

• Tropospheric	
  ozone	
  net	
  radia>ve	
  forcing	
  from	
  the	
  present	
  to	
  2100	
  	
  
0.521	
  W.m-­‐2	
  due	
  to	
  anthropogenic	
  emissions	
  (exp.	
  2100A).	
  	
  
0.581	
  W.m-­‐2	
  accounFng	
  for	
  the	
  impact	
  of	
  biogenic	
  emissions	
  (exp.	
  2100AB)	
  	
  
0.585	
  W.m-­‐2	
  considering	
  the	
  climate	
  change	
  (exp.	
  2100ABC)	
  

• RadiaFve	
  forcing	
  increases	
  even	
  if	
  the	
  ozone	
  burden	
  is	
  reduced	
  by	
  6	
  Tg	
  from	
  exp.	
  2100AB	
  to	
  2100ABC.	
  CC	
  
increases	
  ozone	
  in	
  the	
  upper	
  troposphere	
  where	
  the	
  impact	
  on	
  the	
  forcing	
  is	
  enhanced.	
  	
  

• Increased	
   biogenic	
   emissions	
   play	
   an	
   important	
   role	
   in	
   the	
   future	
   development	
   of	
   ozone	
   pollu>on.	
  
Their	
  contribuFon	
  increases	
  surface	
  ozone	
  by	
  30	
  –	
  50%	
  in	
  northern	
  conFnental	
  regions	
  during	
  summer.	
  	
  

Evolution of tropospheric ozone under a changing climate 
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Uncertainties, coupling & feedbacks makes it more complicate 

Methane 
 increase 

Direct T° increase (GHG) 

Less OH More Ozone Indirect T° increase 

Ozone 
 increase 

Direct T° increase (GHG) 

Vegetation 
alteration 

Less C uptake 
by plants 

More CO2 in the 
atmosphere 

Indirect  
T° 

increase 

T° 
 increase 

Water vapor 
 increase 

More  
OH 

Less CH4 

Ozone loss 
 increase 

Less 
 Ozone O(1D) + H2O → 2OH  
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Source : Ozone and Climate interactions 

Impact of Climate Change on tropospheric ozone 
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Scenario Driving Forces  
Population (Past Population 
Trends, Population Scenarios , 
Aging and Urbanization) 
Economic and Social 
Development (Historical 
Trends , Scenarios of 
Economic Development)   
Energy and Technology 
(Energy Use and Emissions by 
Major Sectors, Energy 
Resources, Energy Supply 
Technologies)  
Agriculture and Land-Use 
Emissions 
Other Gas Emissions  
Policies 

Emissions 
SRES (2000) 

Radiative 
Forcing 

Concentrations 
of radiatively 
active species 

Climate 
response 

Carbon Cycle Climate Interactions 

Comprehensive Climate Model 

time 

TAR & AR4 

Emissions 

Radiative 
Forcing 

Concentrations 
of radiatively 
active species Climate 

response 

Comprehensive Climate Model 

Economical 
Scenario 

AR5 

Climate scenarios : AR4 versus AR5 

Remarque : pour les LL-GHG, le lien entre émissions 
et concentrations est assez simple en estimant 
grossièrement les puits pas pour les SL-GHG 

What about the next IPCC report ? 
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AR5   AR4       
RCP8.5   A2 (ou A1F1)     
RCP6.0  A1B ou (B2)      
RCP4.5  B1 ou A1T      
RCP2.6  non (E1 de ENSEMBLE)    

Scenario  
correspondances 
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Anthropogenic emissions 

Abstrac
t 

RCP85	
   RCP6	
   RCP45	
   RCP3	
  

Global	
  emission	
  evoluFon	
  for	
  ozone	
  precursors	
  and	
  aerosols	
  in	
  RCPs	
  

VOC  CO  NOx  

Black Carbon  Organic Carbon  SO2  
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ppb 

Effect discrimination (for surface Ozone) 

Szopa et al., 2012 
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Take-home messages 
• Atmosheric chemistry is non-linear & complex. Atmospheric composition  
impacts climate and is impacted by climate. Uncertainties are still large ! 

• Tropospheric and stratospheric ozone play a central role in atmospheric 
chemistry 

• Progresses have been made in the recent years concerning the :  
-quantification of emissions (NOx, VOCs, CO, CH4, …) through various 
approaches (inverse modelling, inventories, process-based models) 
-changes in OH from temperature and humidity perturbations, 
-changes in tropospheric ozone through STE exchange and changes in 
stratospheric ozone 

• Continued growth in emissions favors impact from the short-lived compounds. 
However, it is likely that in the future the relative contribution from the chemically 
active climate compounds become smaller compared to the contribution from 
CO2, but probably with large regional contrasts (from Isaksen et al., 2009) 

• We are only starting to account for the complexity of the interactions between 
climate and chemistry in earth system models 


