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Atmospheric Gases



FeedbacksFeedbacks



Processes Affecting Processes Affecting 
TemperatureTemperature

ConductionConduction
Transfer of energy from molecule to moleculeTransfer of energy from molecule to molecule

ConvectionConvection
Transfer of energy by vertical mass movement of a fluidTransfer of energy by vertical mass movement of a fluid

AdvectionAdvection
Transfer of energy by horizontal movement of a fluidTransfer of energy by horizontal movement of a fluid

RadiationRadiation
Energy transferred in the form of electromagnetic wavesEnergy transferred in the form of electromagnetic waves

TemperatureTemperature
Proportional to kinetic energy of an air molecule Proportional to kinetic energy of an air molecule 
traveling at its average speedtraveling at its average speed
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Emission Spectra of the Emission Spectra of the 
Sun and EarthSun and Earth

Figure 2.4
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Gas AbsorptionGas Absorption

Attenuation of light intensityAttenuation of light intensity

�� II==II00ee--σσa,g,qa,g,q((xx--xx00))

Absorption extinction coefficientAbsorption extinction coefficient

�� σσa,g,qa,g,q==NNqqbba,g,qa,g,q

�� �� = gas absorption cross = gas absorption cross 
sectionsection

�� NN = gas concentration= gas concentration

I0  I

x0 x
dx

Conversion of radiative energy to internal energy by Conversion of radiative energy to internal energy by 
a gas molecule, increasing the temperature of the a gas molecule, increasing the temperature of the 

moleculemolecule



Gas (Rayleigh) ScatteringGas (Rayleigh) Scattering
Redirection of radiation by a gas molecule without a Redirection of radiation by a gas molecule without a 

net transfer of energy to the moleculenet transfer of energy to the molecule
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where a gas where a gas 
molecule scatters molecule scatters 
incoming lightincoming light



Potential FeedbacksPotential Feedbacks

Gases decrease net downward flux Gases decrease net downward flux 
of solar radiation of solar radiation 

Cooling in the underlying layerCooling in the underlying layer

Gases absorb incoming radiationGases absorb incoming radiation
Heating around gas location Heating around gas location 



LightLight--Absorbing GasesAbsorbing Gases
Gas Gas Absorption wavelengths (Absorption wavelengths (μμm)m)

Visible/NearVisible/Near--UV/FarUV/Far--UV absorbersUV absorbers
OzoneOzone < 0.35, 0.45< 0.35, 0.45--0.750.75
Nitrate radicalNitrate radical < 0.67< 0.67
Nitrogen dioxideNitrogen dioxide < 0.71< 0.71

NearNear--UV/FarUV/Far--UV absorbersUV absorbers
FormaldehydeFormaldehyde < 0.36< 0.36
Nitric acidNitric acid < 0.33< 0.33

FarFar--UV absorbersUV absorbers
Molecular oxygenMolecular oxygen < 0.245< 0.245
Carbon dioxideCarbon dioxide < 0.21< 0.21
Water vaporWater vapor < 0.21< 0.21
Molecular nitrogenMolecular nitrogen < 0.1< 0.1
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Major Absorbers of UV Radiation at Major Absorbers of UV Radiation at 
Different AltitudesDifferent Altitudes

WavelengthsWavelengths DominantDominant Location ofLocation of
Spectrum Spectrum ((μμm)m) AbsorbersAbsorbers AbsorptionAbsorption
FarFar--UVUV 0.010.01--0.250.25 NN22 ThermosphereThermosphere

OO22 ThermosphereThermosphere

NearNear--UVUV
UVUV--CC 0.250.25--0.290.29 OO33 StratosphereStratosphere
UVUV--BB 0.290.29--0.320.32 OO33 StratosphereStratosphere

TroposphereTroposphere
ParticlesParticles Polluted tropospherePolluted troposphere

UVUV--AA 0.320.32--0.380.38 NONO22 Polluted tropospherePolluted troposphere
ParticlesParticles Polluted tropospherePolluted troposphere



TERRESTRIAL RADIATIONTERRESTRIAL RADIATION



IR Radiation Transmission IR Radiation Transmission 



Potential FeedbacksPotential Feedbacks

Gases trap Gases trap outcomingoutcoming IR radiationIR radiation
Gases reemit radiation corresponding Gases reemit radiation corresponding 
their temperature (their temperature (Kirchhoff’s law)

Heating the underlying layer (Greenhouse Heating the underlying layer (Greenhouse 
effect)effect)
Cooling the upper layer Cooling the upper layer 



Greenhouse GasesGreenhouse Gases
Atmospheric greenhouse gases play a critical role in Atmospheric greenhouse gases play a critical role in 
shaping our global climate. Naturallyshaping our global climate. Naturally--occurring occurring 
trace gases in the atmosphere include trace gases in the atmosphere include water vapor, water vapor, 
carbon dioxide, methane, nitrous oxide,carbon dioxide, methane, nitrous oxide, and ozone;and ozone;
Human activities also impact the concentrations of Human activities also impact the concentrations of 
these gases in the atmosphere. these gases in the atmosphere. 
In addition, manyIn addition, many commonly used industrial commonly used industrial 
products, includingproducts, including solvents, adhesives, and solvents, adhesives, and 
pesticides, contain pesticides, contain halocarbons halocarbons whichwhich can also can also 
impact the climate. impact the climate. 
The full range of sources of greenhouses gases The full range of sources of greenhouses gases --
both natural and anthropogenic both natural and anthropogenic -- is not yet fully is not yet fully 
understood and continues to be the subject of understood and continues to be the subject of 
bothboth research and debate.research and debate.



Water VaporWater Vapor

Water vapor is the most abundant of Water vapor is the most abundant of 
the greenhouse gases, and is the the greenhouse gases, and is the 
dominantdominant contributor to the natural contributor to the natural 
greenhouse effectgreenhouse effect. Human activity has . Human activity has 
little direct impact on the concentration little direct impact on the concentration 
of water vapor in the atmosphere; of water vapor in the atmosphere; 
however, changes inhowever, changes in its concentration its concentration 
cause an indirect result of cause an indirect result of climate climate 
feedbacksfeedbacks related to the warming of the related to the warming of the 
atmosphereatmosphere



Water Vapor Climate FeedbackWater Vapor Climate Feedback
AsAs temperatures risetemperatures rise, more water, more water evaporates from evaporates from 
ground sources ground sources -- rivers, oceans, etc. rivers, oceans, etc. 
Higher concentrations of water vapor areHigher concentrations of water vapor are able to able to 
absorbabsorb more IR radiation from the Earth,more IR radiation from the Earth, further further 
warming the  atmosphere. warming the  atmosphere. 
The warmer atmosphere can then hold The warmer atmosphere can then hold moremore water water 
vapor, and the cycle continues. vapor, and the cycle continues. 
This is cycle is considered a This is cycle is considered a positive feedback looppositive feedback loop. . 
However,However, uncertainty exists in bothuncertainty exists in both the extent and the extent and 
importance of this feedback loop. As water vapor importance of this feedback loop. As water vapor 
increases in the atmosphere, more of it willincreases in the atmosphere, more of it will also also 
condense into clouds, whichcondense into clouds, which reflect incoming solar reflect incoming solar 
radiation away fromradiation away from the Earth's surface thereby the Earth's surface thereby 
becoming a cooling forcebecoming a cooling force



Carbon DioxideCarbon Dioxide
Carbon dioxide is released into the Carbon dioxide is released into the 
atmosphere through both natural and atmosphere through both natural and 
humanhuman processes. Natural production processes. Natural production 
and absorption of carbon dioxide is and absorption of carbon dioxide is 
primarily through the biosphere and the primarily through the biosphere and the 
oceans via the carbon cycle. oceans via the carbon cycle. 
Human activities such as fuel burning Human activities such as fuel burning 
(coal, oil, natural gas, and wood), (coal, oil, natural gas, and wood), 
cement production, and changes in land cement production, and changes in land 
use have altered the natural carbon use have altered the natural carbon 
cycle by increasing the concentration of cycle by increasing the concentration of 
carbon dioxide in the atmospherecarbon dioxide in the atmosphere



MethaneMethane
Methane, which comes from both natural Methane, which comes from both natural 
and human sources, is an extremely and human sources, is an extremely 
powerful warming agent powerful warming agent -- even more even more 
effectiveeffective than carbon dioxide than carbon dioxide -- and its and its 
lifetime in the atmosphere is about 12 yearslifetime in the atmosphere is about 12 years
In nature, methane is released through In nature, methane is released through 
biological processesbiological processes in low oxygen in low oxygen 
environments, such as swamplands. Human environments, such as swamplands. Human 
activities, including activities, including growing rice, raising growing rice, raising 
cattle, using natural gas and coal miningcattle, using natural gas and coal mining, , 
are increasingly adding to the level of are increasingly adding to the level of 
methane in the atmosphere.methane in the atmosphere.



Nitrous OxideNitrous Oxide

Nitrous oxide is a longNitrous oxide is a long--lived warming gas, lived warming gas, 
persisting in the atmosphere for approximately persisting in the atmosphere for approximately 
120 years. It is produced naturally from120 years. It is produced naturally from a a 
wide variety of biological sources in both soil wide variety of biological sources in both soil 
and water, particularly microbial action in wet and water, particularly microbial action in wet 
tropical forests. tropical forests. 
HumanHuman--related sources ofrelated sources of nitrous nitrous 
oxideoxide include agricultural soil management, include agricultural soil management, 
animal manure management, sewage animal manure management, sewage 
treatment,treatment, combustion of fossil fuel, and the combustion of fossil fuel, and the 
production of a variety of acidsproduction of a variety of acids



OzoneOzone

Ozone is a highly reactive molecule composed Ozone is a highly reactive molecule composed 
of three atoms of oxygen. Ozone of three atoms of oxygen. Ozone 
concentrations vary by both geographic concentrations vary by both geographic 
location and altitude. At lower levels in the location and altitude. At lower levels in the 
trophospheretrophosphere, ozone exerts a warming force , ozone exerts a warming force 
upon the atmosphere, primarily due to human upon the atmosphere, primarily due to human 
processes. Automobile emissions, industrial processes. Automobile emissions, industrial 
pollution, and the burning ofpollution, and the burning of vegetation vegetation 
increase the levels ofincrease the levels of carbon and nitrogen carbon and nitrogen 
moleculesmolecules which which -- when reacting to sunlight when reacting to sunlight --
produce ozone, an important contributor to produce ozone, an important contributor to 
photchemicalphotchemical smog.smog.



OZONE: “GOOD UP HIGH, BAD NEARBY”

Nitrogen oxide radicals; NOx = NO + NO2
Sources: combustion, soils, lightning
Volatile organic compounds (VOCs)

Methane
Sources: wetlands, livestock, natural gas…
Non-methane VOCs (NMVOCs)
Sources: vegetation, combustion

Carbon monoxide (CO)
Sources: combustion, VOC oxidation

Tropospheric
ozone

precursors



Percent Absorption of Infrared Percent Absorption of Infrared 
Radiation by Greenhouse GasesRadiation by Greenhouse Gases

Atmospheric
window

Figure 12.4



Estimated Global Warming Due to Estimated Global Warming Due to 
Different Gases and ParticlesDifferent Gases and Particles

Percent Natural Percent Natural Percent Global Percent Global 
Greenhouse Effect Greenhouse Effect WarmingWarming

Chemical Chemical Due to Chemical Due to Chemical Due to ChemicalDue to Chemical
HH22O(g)O(g) 88.988.9 00
COCO22 (g)(g) 7.57.5 46.646.6
C(s)C(s) 0.20.2 16.416.4
CHCH44(g)(g) 0.50.5 14.014.0
OO33(g)(g) 1.11.1 11.911.9
NN22O(g)O(g) 1.51.5 4.24.2
CHCH33Cl(g)Cl(g) 0.30.3 0.0.
CFCLCFCL33(g)(g) 00 1.81.8
CFCF22ClCl22(g)(g) 00 4.24.2
CFCF22ClH(g)ClH(g) 00 0.60.6
CClCCl44(g)(g) 00 0.30.3



Feedback from gases to Feedback from gases to 
advectionadvection

Net heating govern atmospheric Net heating govern atmospheric 
circulation (thermal wind)circulation (thermal wind)
Circulation transport gases to other Circulation transport gases to other 
locations, that lead tolocations, that lead to
Changes in net heatingChanges in net heating



Turbulence Effect

There are two limiting regimes for fluid 
flow: laminar and turbulent.
Laminar flow is smooth and steady; 
turbulent flow is irregular and fluctuating.
Flows in the atmosphere are generally 
turbulent



Air parcels moving upward through M contain higher 
pollutant concentrations than air parcels moving 
downward; therefore, even with zero mean vertical motion 
of air, there is a net upward flux of pollutants.



Feedback from gases to Feedback from gases to 
turbulenceturbulence

In practice, one finds that eddy flux can be 
expressed with some reliability in the lower 
troposphere as a function of 
(a) the wind speed and surface roughness (which 
determine the mechanical turbulence arising from 
the collision of the flow with obstacles), 
(b) the heating of the surface (which determines 
the buoyant turbulence), and 
(c) the altitude (which determines the size of the 
turbulent eddies).



Convection Feedback

Horizontal convergence and divergence of air in 
the circulation induce vertical motions but the 
associated vertical wind speeds are only in the 
range 0.001-0.01 m/s (compare to 1-10 m/s for 
typical horizontal wind speeds)
The resulting time scale for vertical transport from 
the surface to the tropopause is about 3 months
Faster vertical transport can take place by locally 
driven buoyancy



Buoyancy
The fluid pressure exerted on 
the top of the object is less than 
that exerted on the bottom; 
The resulting pressure-gradient 
force pushes the object upward, 
counteracting the downward 
force ρVg exerted on the object 
by gravity; 
The net force exerted on the 
object, representing the 
difference between the pressure-
gradient force and gravity, is 
called the buoyancy.



The buoyant acceleration

If the object is lighter 
than the fluid in which 
it is immersed, it is 
accelerated upward; if 
it is heavier it is 
accelerated downward.



Atmospheric stability

If TA(z+dz) > TATM(z+dz), as the 
rising air parcel at altitude z+dz is 
warmer than the surrounding 
atmosphere at the same altitude;
As a result, its density ρ is less 
than that of the surrounding 
atmosphere and the air parcel is 
accelerated upward by buoyancy. 
The atmosphere is unstable with 
respect to vertical motion, because 
any initial push upward or 
downward on the air parcel will be 
amplified by buoyancy.



On the contrary, if TA(z+dz) < TATM(z+dz), then the rising air 
parcel is colder and heavier than the surrounding 
environment and sinks back to its position of origin; vertical 
motion is suppressed and the atmosphere is stable.
Note that stability is a local property of the atmosphere 
defined by the local value of the atmospheric lapse rate; an 
atmosphere may be stable at some altitudes and unstable at 
others; 
Also note that stability refers to both upward and downward 
motions; if an atmosphere is unstable with respect to rising 
motions it is equivalently unstable with respect to sinking 
motions. 
Instability thus causes rapid vertical mixing rather than 
unidirectional transport.



Wet ConvectionWet Convection
Condensation of water vapor 
is an exothermic process, 
meaning that it releases heat 
(latent heat release). 
Cloud formation in a rising 
air parcel provides an internal 
source of heat that partly 
compensates for the cooling 
due to expansion of the air 
parcel and therefore increases 
its buoyancy.



FeedbackFeedback

Convention may pump gases from Earth Convention may pump gases from Earth 
surface to the upper tropospheresurface to the upper troposphere
Their lifetime in the upper troposphere is Their lifetime in the upper troposphere is 
normally longer that near the surfacenormally longer that near the surface
They can longer act as a radiation absorber, They can longer act as a radiation absorber, 
or heater, or cooler or chemical agent in the or heater, or cooler or chemical agent in the 
upper troposphere upper troposphere 



Trapping Pollutants Under Trapping Pollutants Under 
an Inversionan Inversion
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Time scales for vertical 
transport

Age of airAge of air
Exchange of air between 
the troposphere and the 
stratosphere is considerably 
slower than mixing of the 
troposphere because of the 
temperature inversion in 
the stratosphere



Chemical Reaction FeedbackChemical Reaction Feedback

Rates of chemical Rates of chemical 
reactions depend on reactions depend on 
temperaturetemperature
Heating or cooling Heating or cooling 
leads to leads to repartioningrepartioning
of chemical species, of chemical species, 
and toand to
Changes in net Changes in net 
heatingheating

)/exp( RTEAk −=



Photolysis FeedbackPhotolysis Feedback

Gas cross sections Gas cross sections 
depend on depend on 
temperaturetemperature
Radiation flux Radiation flux 
depends on depends on 
absorption and absorption and 
scattering scattering 



Feedbacks of Gases and AerosolFeedbacks of Gases and Aerosol

Soil dust
Sea salt



Condensation/EvaporationCondensation/Evaporation

Condensation

Particle

Gas

Evaporation

Particle

Gas



Condensing GasesCondensing Gases
Condensation occurs primarily on accumulation mode since it 

contains the largest surface area concentration of all modes.

Water vapor
Condenses on accumulation and coarse-mode particles to form 
cloud drops

Sulfuric acid
Condensation onto accumulation mode affects visibility

High-molecular weight  organic gases
Products of toluene, xylene, alkylbenzene, alkane, alkene, 
biogenic hydrocarbon oxidation condense onto accumulation 
mode primarily.



Saturation Vapor Pressure Saturation Vapor Pressure 
feedback to temperaturefeedback to temperature
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DissolutionDissolution
Dissolution

Process by which a gas diffuses to and dissolves in a liquid on a 
particle surface.

Solvent
A liquid in which a gas dissolves

Solute
Gas, liquid, or solid that dissolves in a solvent

Solution
One or more solutes plus the solvent.

Solubility
Maximum gas that can dissolve in a quantity of solvent

Common dissolving gases
HCl(g), HNO3(g), NH3 (g), SO2(g)



Heterogeneous ReactionsHeterogeneous Reactions
ClONO2(g)  +  H2O(s) HOCl(g)  +  HNO3(a)
Chlorine 
nitrate

Water-ice Hypochlorous 
acid

Adsorbed 
nitric 
acid

Chlorine 
nitrate

Adsorbed 
nitric 
acid

ClONO2(g)  +  HCl(a) Cl2(g)  +  HNO3(a)
Adsorbed 

hydrochloric 
acid

Molecular 
chlorine

Water-ice Adsorbed 
nitric 
acid

N2O5(g)  +  H2O(s) 2HNO3(a)
Dinitrogen 
pentoxide

Adsorbed 
hydrochloric 

acid

Adsorbed 
nitric 
acid

Dinitrogen 
pentoxide

N2O5(g)  +  HCl(a) ClNO2(g)  +  HNO3(a)
Chlorine 

nitrite

Adsorbed 
hydrochloric 

acid

Molecular 
chlorine

Water-iceHypochlorous 
acid

HOCl(g)  +  HCl(a) Cl2(g)  +  H2O(s)



Additional Feedbacks of GasesAdditional Feedbacks of Gases

PositivePositive
WaterWater--vaporvapor--temperaturetemperature--rise feedback rise feedback 
SnowSnow--albedo feedbackalbedo feedback
WaterWater--vaporvapor--highhigh--cloud feedbackcloud feedback
SolubilitySolubility--carbon dioxide feedbackcarbon dioxide feedback
SaturationSaturation--vaporvapor--pressurepressure--waterwater--vapor feedbackvapor feedback
MicrobeMicrobe--carboncarbon--dioxide feedbackdioxide feedback
PermafrostPermafrost--methane feedbackmethane feedback

NegativeNegative
WaterWater--vaporvapor--lowlow--cloud feedbackcloud feedback
PlantPlant--carboncarbon--dioxide feedbackdioxide feedback



Effects of Meteorology and 
Climate on Gases

Changes in temperature, humidity, and 
precipitation directly affect species conc.
The cooling of the stratosphere due to the 
accumulation of GHGs affects lifetimes
Changes in tropospheric vertical temperature 
structure affect transport of species
Changes in vegetation alter dry deposition and 
emission rates of biogenic species
Climate changes alter biological sources and 
sinks of radiatively active species


