
  The atmosphere and its components

  How air pollutants are categorized

  The source/cycle of air pollutants

  How pollution affects health and welfare

  Clean air acts

  Air quality management & standards




  The composition of the atmosphere is controlled by the 
exchange of elements between the different reservoirs of the Earth 

  Let us examine this broader perspective and specifically; 
  Cycle of nitrogen, oxygen, and carbon dioxide 
  Humans effect on nitrogen, oxygen, and carbon dioxide 



   Is there anything 
in this picture that 
is not influenced by 
water?


  Is there anything 
in this picture not 
influenced by life?


  Is there anything 
in this picture not 
influenced by the 
atmosphere?




  Cyclical flow in a closed 
Earth system 

  In this closed system 
Lithosphere, Hydrosphere, 
Atmosphere, and Biosphere 
are interacting  







Russian chemistry professor 
Dmitri Mendeleev published 
the first periodic table in 1869 



The Earth System mass is conserved! 

































  Venus Earth Mars 

Runaway Greenhouse Loss of Greenhouse 
 gases CO2 & H2O 

Robust Biosphere 









Venus Earth Mars 
Radius (km) 6100 6400 3400 
Mass of planet (1023 kg) 49 60 6.4 
Gravity (m s-2) 8.9 9.8 3.7 
Surface temperature (K) 730 290 220 
Surface pressure (mb) 9100 1000 7 
Atmospheric composition 
(mol/mol) 
CO2 0.96 4X10-4 0.95 

N2 3.4X10-2 0.78 2.7X10-2 

O2 6.9X10-5 0.21 1.3X10-3 

H2O 3X10-3 1X10-2 3X10-4 



Atmospheric Composition 

























  Atmospheric oxygen is produced by photosynthesis   
  Closely coupled to C cycle by photosynthesis/respiration cycle 

  Green-plant photosynthesis (Gross Primary Production) 
 CO2 + H2O  ===>  CH2O + O2  (1) (generation) 
  Green-plan respiration and litter/microbial decay of dead biomass 

 CH2O + O2 ===> CO2 + H2O  (2) (destruction) 
  NPP = (1) – (2) on global basis, NPP ~ 0.5 GPP  

1 kilogram (kg) = 103 grams (g) 
1 megagram (Mg) = 106 g = 103 kg 
1 gigagram (Gg) = 109 g = 106  kg 
1 tertagram (Tg) = 1012 g = 109  kg 
1 petagram (Pg) = 1015 g = 1012  kg 

CH2O represents most common form 
of organic matter (carbohydrate) 



  The oxygen cycle provides insights into how CO2 content of 
atmosphere is maintained  
  Comparison of the inventories tells us that cycling with the 
biosphere cannot control the abundance of O2 in the atmosphere 

 O2 >> CO2 or OrgC 
  If photosynthesis were for some reason to stop, oxidation of the 
entire organic carbon reservoir would consume less than 1% of O2 
presently in the atmosphere and there would be no further O2 loss 
(since there would be no organic carbon left to oxidized) 



  Conversely, if respiration and decay were to stop, 
conversion of all atmospheric CO2 to O2 by photosynthesis 
would increase O2 levels by only 0.2% 
  So, what, then, controls atmospheric oxygen?  



  The answer is the lithosphere 
  Rock material brought to the surface in a reduced state is 
weathered (oxidized) by atmospheric O2. 
  The amount of Lithospheric Org C are sufficiently large (1.2x107 Pg) 
that weathering of rocks would eventually deplete atmospheric O2 if 
not compensated by an oxygen source 

  

Ocean Bottom Carbon 
1.2x107 Pg 

w
ea
th
er
in
g 



   Timescale of the sedimentary rock formation is 100 million years 
  Lifetime of O2 is 3 million years 
  But, fossil records show that atmospheric O2 levels have in fact 
not changed significantly over the past 400 million years, a time 
scale much longer than the lifetime of O2 against loss by weathering  

  

OCEAN BOTTOM C 
1.2x107 Pg (C)  
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τO2 (lifetime of O2) due to weathering  
3.6 million years 

If O2 production halted & nothing else changed 
4 million years to significantly change O2 

Atmosphere O2 content has been stable for much 
longer, 400 million years 
Then, there must be stabilizing feedbacks in the O2-
lithosphere system.  But this is poorly understood. 

So, there is no human effect on O2!  



THE IPCC THIRD ASSESSMENT 

  Radiative forcings of long-lived gases well quantified 
  Large impact of CO2 



ATMOSPHERIC CO2 DURING THE LAST 450,000 YEARS 

   Ice core measurements show that maximum concentration 
over the last 450,000 years is ~300 ppm 



ATMOSPHERIC CO2 DURING THE LAST 1,000 YEARS 

   Rise of atmospheric CO2 over the last century has generally  
paralleled the rise in CO2 emissions from fossil-fuel use 
 The record of the last 1,000 years shows that natural  
 variability is  at most 10 ppm over 1,000 year time-scale 



ATMOSPHERIC CO2 DURING THE LAST 140 YEARS 

  Increase of ~90 ppm over last 140 years 
  Is increase driven by anthropogenic CO2 emmisions ? 
  Winter maximum & summer minimum reflect the uptake of CO2 
by vegetation during growing season, balanced by the net release 
of CO2 from the bisphere in Fall due to microbial decay  



  Increase of ~40 ppm during the last 60 years 
  This increase due mostly to fossil fuel combustion 

Measurements made at 
Mauna Loa in Hawaii 



  The current global rate of increase of atmospheric CO2 
is about 1.8 ppm a year 

   This increase is due mostly fossil fuel combustion 
  When fuel is burned, almost all of the carbon in the fuel 
is oxidized to CO2 and emitted to the atmosphere 



  We can then use worldwide fuel use statistics to estimate the 
corresponding CO2 emission from 

  Sources 
 Fossil fuel combustion  5.5 Pg/year 
 Deforestation in the tropics  1.6 Pg/year 
 Total     7.1 Pg/year   

  Sinks can be obtained as    3.3 Pg/year 
 Sinks are the storage in the atmosphere 
 So 46% of anthropogenic emissions are stored in the 
atmosphere, we need to understand the factors controlling these 
sinks 

1 kilogram (kg) = 103 grams (g) 
1 megagram (Mg) = 106 g = 103 kg 
1 gigagram (Gg) = 109 g = 106  kg 
1 tertagram (Tg) = 1012 g = 109  kg 
1 petagram (Pg) = 1015 g = 1012  kg 



 Questions 
  Where is the rest going? 
  How will future anthropogenic emissions be distributed? 

 The other half is transferred to other reservoirs (oceans, 
biosphere, and soils) 

 We need to understand the factors controlling these 
processes 



    Ocean-Atmosphere Exchange 

CO2(g)                 H2CO3      (dissolved carbon dioxide) 

    Ocean Carbonate Chemistry 

H2CO3                 H
+  +  HCO3      (bicarbonate ion) 

HCO3
-                 H+ +  CO3

2-      (carbonate ion)  



CO2(g)                 H2CO3 

H2CO3                H
+  +  HCO3

-              

HCO3
-                 H+ +  CO3

2-                  

H2CO3 HCO3
- CO3

2- Most of the CO2 
dissolved in the 
ocean in the form of 
HCO3 

•  Higher pH means 
  lower [H+] 

 Ocean pH = 8.2 

 The alkalinity of the ocean is 
maintained by weathering of 
rocks and river runoff 
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 The concentration of CO2 in the atmosphere and in the ocean 
are related  by equilibria 

 Let F represent the atmospheric fraction of CO2 in the 
atmopshere-ocean system 

Key assumption:  
Atmosphere is in 
equil. with whole 
ocean, i.e ocean is 
mixed efficiently 
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 For an ocean pH of 8.2, the atmospheric fraction of CO2 in the 
atmosphere-ocean is equal to F=0.03 

 So, at equilibrium, almost all of CO2 is dissolved in the ocean 
  Only 3% is in the atmosphere 

Key assumption:  
Atmosphere is in 
equil. with whole 
ocean, i.e ocean is 
mixed efficiently 
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  However such an inference is flawed  
 Because it ignores the acidification of the ocean resulting from 

added CO2 
 As atmospheric CO2 increases, H increases and hence F 

increases 
 This effect is a positive feedback to increases in the atmospheric 

CO2 



  However current estimated F= 0.30 
 This means at equilibrium, 30% of CO2 emitted in the 

atmosphere remains in the atmosphere and the rest is 
incorporated into the ocean 

 This assumes that atmosphere and ocean in equilibrium. 
 But this is not correct due to the slow mixing of the ocean 



  Vertical mixing in the ocean is driven by buoyancy 
 Two factors determine buoyancy; temperature and salinity 
 Sinking of water takes place in polar regions; cold, salty and hence heavy 
 In other regions, vertical mixing is suppressed; warmer temperatures 
 Some mixing still takes place within ~100 m depth due to wind stress 



  Residence times of water are 18 years for the oceanic mixed layer 
 40 years for the intermediate ocean 
 120 years for the deep ocean 
 So, equilibrium of the whole ocean in response to a change in 

atmospheric CO2 therefore takes place on a time scale of the order of 
200 years 

 This means that CO2 released in the atmosphere over the past ceuntry 
has not had time to equilibrate with the whole ocean 



 So the best current estimate from oceanic transport and chemistry 
models is that 30% of fossil fuel CO2 emitted to the atmosphere is 
incorporated in the oceans 

 We discussed earlier that only 50% of emitted CO2 actually remains in 
the atmosphere 

 That leaves a 20% missing sink 
 We now turn our attention to the biosphere as a possible explanation 

for the missing sink, BIOSPHERE 



 Cycling of atmospheric CO2 with the biosphere 
involves processes of photosynhesis, respiration and 
microbial decay 

 The lifetime of CO2 against net uptake by terrestrial 
plants is 9 years 

 This thought to be 20% missing link of CO2 emitted by 
fossil fuel combustion. 



  CO2 added to the atmosphere partitions 
between the atmosphere, oceans, and 
terr. biosphere 

  CO2 uptake by the biosphere is subject 
to limiting plant growth 

  CO2 uptake by the ocean is limited by 
acidification and slow mixing 

  Ultimate removal of the CO2 added to 
the atmosphere by fossil fuel 
combustion requires transfer of oceanic 
carbon to the lithosphere by formation of 
sedimentation 

  The time scale for this transfer is 
estimated as 170,000 years 

  One can conclude that fossil fuel 
combustion induces a very long-time 
perturbation to the global carbon cycle 

  Humans effect this perturbation! 

Inventories within 
the boxes are in Pg 

Flows indicated by 
arrows in Pg/year 


