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What species drive climate change and air quality on a global scale?
Chemical mechanisms couple short-lived criteria pollutants (NOx, CO, VOC, aerosols) 
to global changes in climate forcing (CH4, O3) and AQ.
Aerosols also link through photolysis rates and heterogeneous chemistry.

What is the coupling between urban AQ and climate change?
Johnson et al / Hogrefe et al(?) - climate change alters trop O3 & AQ exceedances
Fiore et al  - global-scale factors control AQ exceedances
Wild et al - urban conditions control export of O3 as hemispheric RF

SRES scenarios paint a grim future of increasing surface O3 over NH
"Corrected" emissions of NOx, CO, VOC & CH4 to 2030 (Dentener et al) project much 
slower growth in CH4 and O3.  These are being used by a consortium of post-TAR 
CTMs for the IPCC-AR4 to look at greenhouse gas forcing and AQ exceedances such 
as AOT40 (Stevenson, Dentener et al, ACCENT workshop,  Oslo, Jan 2005).
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IPCC/TAR Radiative Forcing 1750 → 2000 



IPCC/TAR SRES A2 → 2100 



IPCC/TAR SRES A2 → 2100 
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How do criteria pollutants interact with greenhouse gases ?
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CO, VOC, NOX (=NO+NO2), & CH4 control 
Tropospheric Chemistry (OH, HO2)

which is the sink for CH4 & HFCs; the source for O3



CH4OH O3CH4

+40%

CH4 feedback on its lifetime

Isaksen & Hov, 1987
Prather, 1994
IPCC SAR (multi-model assessment), 1995



CH4 self-feedback, 2001
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CH4OHH2 O3

3D CTM: add CO 
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H2 is likewise an indirect greenhouse gas
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CO indirect
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NOx identified as an indirect greenhouse gas

NOx proposed as indirect greenhouse gas 
(Shine, Derwent, et al, 1st IPCC Assessment Report)

Rejected as too far ahead of its time 
(1992 IPCC Interim Report)

Post SAR, explicit in IPCC Aviation Assessment, NOx is indirect 
greenhouse gas.
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short-term O3 increase
regional heating

long-term CH4 decrease
global cooling



NOx is an indirect greenhouse gas  (Wild, Prather, Akimoto, 2001)

0.5 Tg-N of NOx: 
tropical, high-altitude emissions have greatest impact

decreased C
H

4 cooling 

increased trop-O3 warming 
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aerosols



Carmichael, G. et al., ....

Early work on aerosol-photochemistry coupling, 
but on regional scale, no integration of global climate impacts.



Martin R. V., D. J. Jacob, R. M. Yantosca, M. Chin, and P. Ginoux, 
Global and regional decreases in tropospheric oxidants from photochemical 
effects of aerosols, J. Geophys. Res., 108 (D3), 4097, 2003. 

We evaluate the sensitivity of tropospheric OH, O3, and O3 precursors to 
photochemical effects of aerosols not usually included in global models: (1) aerosol 
scattering and absorption of ultraviolet radiation (via Fast-J), and (2) reactive uptake of 
HO2, NO2, and NO3. ... Aerosols decrease the O3 O(1D) photolysis frequency by 5-
20% at the surface throughout the Northern Hemisphere (largely due to mineral dust) 
and by a factor of 2 in biomass burning regions (largely due to black carbon). Aerosol 
uptake of HO2 ... Annual mean OH concentrations decrease by 9% globally and by 
5-35% in the boundary layer over the Northern Hemisphere. Simulated CO 
increases by 5-15 ppbv in the remote Northern Hemisphere, improving agreement 
with observations. Simulated boundary-layer O3 decreases by 15-45 ppbv over India 
during the biomass burning season in March, and by 5-9 ppbv over northern Europe in 
August, again improving comparison with observations. We find that particulate matter 
controls would increase surface O3 over Europe and other industrial regions.



Bian H., M. J. Prather, and T. Takemura, 
Tropospheric aerosol impacts on trace gas budgets through photolysis, 
J. Geophys. Res. 108 (D8), 4242, doi:10.1029/2002JD002743, 2003.

Aerosols affect the global budgets of O3, OH, and CH4 in part through their alteration of 
photolysis rates and in part through their direct chemical interactions with gases (i.e., 
‘‘heterogeneous chemistry’’). ... Globally averaged, the impact of aerosols on 
photolysis alone is to increase tropospheric O3 by 0.63 Dobson units and 
increase tropospheric CH4 by 130 ppb (via tropospheric OH decreases of 8%).
These greenhouse gas increases lead to an aerosol indirect effect (counting both 
natural and anthropogenic aerosols) of +0.08 W/m2. ... The predominant impact is due 
to the aerosols over land; aerosols over the ocean contribute less than a third to 
globally integrated changes. 



Bian et al, 2003 –
Aerosol-O3 photolytic coupling gives 
both increases and decreases in O3



Liao, H., P. J. Adams, S. H. Chung, J. H. Seinfeld, L. J. Mickley, and D. J. Jacob, 
Interactions between tropospheric chemistry and aerosols in a unified general 
circulation model, J. Geophys. Res., 108(D1), 4001, 2003.

A unified tropospheric chemistry-aerosol model has been developed within the 
Goddard Institute for Space Studies general circulation model (GCM). The model 
includes a detailed simulation of tropospheric ozone-NOx-hydrocarbon chemistry as 
well as aerosols and aerosol precursors. Predicted aerosol species include sulfate, 
nitrate, ammonium, black carbon, primary organic carbon, and secondary organic 
carbon. The partitioning of ammonia and nitrate between gas and aerosol phases is 
determined by on-line thermodynamic equilibrium, and the formation of secondary 
organic aerosols is based on equilibrium partitioning and experimentally determined 
parameters. Two-way coupling between aerosols and chemistry provides consistent 
chemical fields for aerosol dynamics and aerosol mass for heterogeneous processes 
and calculations of gas-phase photolysis rates (via Fast-J). ... As a result of the 
coupling between chemistry and aerosols, global burdens of both gas-phase and 
aerosol species are predicted to respond nonlinearly to changing emissions of NOx, 
NH3, and sulfur.



Effective Reactive Pollutant contribution to 
the CH4 budget today (based on TAR 2001, +...)

CH4 320 Tg(CH4)/y = direct emission

NOx 40 Tg(N)/y - 80 Tg(CH4)/y

CO 1000 Tg/y + 50 Tg(CH4)/y

VOC 250 Tg/y + 30 Tg(CH4)/y

aerosols +?40 Tg(CH4)/y



RF from Tropospheric O3 (TAR)

Mean Tropospheric O3 Change: 1750  2000

+9 DU likely range +6 to +13 DU

14 ppb (7 ppb SH & 21 ppb NH)
(??? surface)

0.36 W m-2 (???  +0.8 W m-2)



Trends in free tropospheric O3

0.5?? ppb/y

? 1750

J. A. Logan

1750 2000 O3
“observed” 25 to 34 DU
modeled CH4 +4.6 DU
cause NOX +4.1

CO +1.2
VOC +0.5
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with global warming:
►H2O increases
►O3 loss increases
►OH increases
►CH4 decreases

►2100

►2100







NOx (and O3 production) 
stays close to sources

or does it?

Global Inventory of Nitrogen 
Oxide Emissions Constrained 
by Space-based (GOME)
Observations of NO2 Columns,
R.V. Martin et al., 
JGR, 2003.



Chemical Production and Export of O3 (= climate forcing)
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Free 
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Look at regional and global O3 from a single day’s 
emissions over Shanghai in March 2001

March 12:  Sunny, high pressure = Cook-then-mix

March 16: Heavily overcast = Mix-then-cook

Regional production different, 
Global production similar, but
Evolution quite different.



Additional Ozone Burden

• Added O3 burden from a single day's emissions:
– over Region (3-day integral: air quality)
– over Globe (1-month integral: climate)

• Global impact smaller when regional ozone impact large
– Tokyo has greater climate impact than Shanghai
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TAR / SRES 

What are we concerned about ?



tropospheric O3

lifetime of CH4

what about surface O3 ?



IPCC (2001).  “Changes projected in the 
SRES A2 and A1FI scenarios would 
degrade air quality over much of the globe 
by increasing background levels of O3. In 
northern mid-latitudes during summer, the 
zonal average increases near the surface 
are about 30 ppb or more, raising back-
ground levels to nearly 80 ppb, threatening 
attainment of air quality standards over 
most metropolitan and even rural regions, 
and compromising crop and forest 
productivity.  This problem reaches across 
continental boundaries since emissions of 
NOx influence photochemistry on a 
hemispheric scale.”

INCREASE IN SURFACE O3 BY 2100



TAR/SRES:  
Anthropogenic Impact from Reactive Pollutants  1750 – 2000 – 2100 (A2x)

trop-OH
1750 2000 2100 (A2x)

CH4 –29 –29   %
NOX

* +14 +33   %
CO –11 –15   %
VOC – 5 – 6   %
aerosols ??

trop-O3
1750 2000 2100 (A2x)

CH4 +4.6 +4.5 
NOX

* +4.1 +9.7
CO +1.2 +1.6
VOC +0.5 +0.7
total +10.4 +16.5 DU



non-SRES futures
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The “Current Legislation” (CLE) scenario reflects the current perspectives 
of individual countries on future economic development and takes the 
anticipated effects of presently decided emission control legislation in the 
individual countries into account. 

The “Maximum technically Feasible Reduction” (MFR) scenario considers  
emission reductions offered by full implementation of the presently 
available emission control technologies, while maintaining the projected 
levels of anthropogenic activities.

Whereas the resulting projections of methane emissions lie within the 
range suggested by other greenhouse gas projections, the recent pollution 
control legislation of many Asian countries, requiring introduction of 
catalytic converters for vehicles, leads to significantly lower growth in 
emissions of the air pollutants NOx, NMVOC and CO than in  SRES.

These new scenarios form the core the new IPCC AR4 atmospheric 
chemistry studies (Stevenson and Dentener, ACCENTworkshop, Jan 
2005, Oslo).



NOX emissions 

◄SRES A2
◄SRES B2

◄CLE

◄MFR



CO emissions 
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CH4 emissions 
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