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LECTURE 1
The Earth's Atmosphere - General Structure, Physics and Chemistry

1.
Structure of the Earth's Atmosphere

The atmosphere is conveniently classified into a number of different regions which are distinguished by different characteristics of the dynamical motions of the air. The lowest region, from the earth's surface to the tropopause at a height of 10-15 km, is termed the troposphere. The troposphere is the region of the active weather systems which determine the climate at the surface of the earth. The part of the troposphere at the earth's surface - the planetary boundary layer - is that which is influenced on a daily basis by the underlying surface. Its character will obviously be determined by the character of the underlying surface.


Above the troposphere lies the stratosphere, a quiescent region of the atmosphere where vertical transport of material is slow and radiative transfer of energy dominates. In this region lies the ozone layer which has an important property of absorbing ultraviolet radiation from the sun, which would otherwise be harmful to life on earth. The stratopause at approximately 50 km altitude marks the boundary between the stratosphere and the mesosphere, which extends upwards to the mesopause at approximately 90 km altitude. The mesosphere is a region of large temperature extremes and strong turbulent motion in the atmosphere over large spatial scales.


Above the mesopause is a region characterised by a rapid rise in temperature, known as the thermosphere. In the thermosphere the atmospheric gases, N2 and O2, are dissociated to a significant extent into atoms so the mean molecular mass of the atmospheric species falls. The pressure is low and thermal energies are significantly departed from Boltzmann equilibrium. Above 160 km gravitational separation of the constituents becomes significant and atomic H, the lightest neutral species, moves to the top of the atmosphere.


The other characteristic of the atmosphere from mesosphere upwards is that above 60 km, ionisation is important. This region is called the ionosphere. It is subdivided into three regimes, the D, E and F region, characterised by the types of dominant photo-ionisation.

2.
Physical Characteristics

Atmospheric motion takes place on a large range of scales from molecular diffusion to large scale planetary wave motion. Molecular diffusion is only important as a conveyance of mass and energy above ~ 115 km. Below this altitude various types of convective motion, circulation and wave motion contribute to atmospheric dynamics on various time and length scales. The characteristic length and time scales of these motions are coupled. There are characteristic primary circulation patterns which describe the tropospheric weather systems and stratospheric circulation.


Atmospheric Temperature - The temperature structure of the atmosphere results from the interaction of the solar radiation with the earth's surface and with the atmosphere. There is a characteristic temperature structure which together with the motion of the earth and the hydrological cycle drives the dynamical motion.


Atmospheric Radiation - Absorption and emission of radiation in the atmosphere is of fundamental importance. Incoming solar radiation leads to heating and photo-chemical reactions, whilst absorption and emission of outgoing long wavelength radiation from the earth's surface by minor constituents such as CO2 an H2O, leads to a warmer surface temperature - the greenhouse effect.


Clouds, fronts and local weather - The characteristics of the weather we see around us are determined by atmospheric physics. Clouds are classified by their appearance, but complex micro physics is involved when rainfall occurs. Fronts and storms cause rapid vertical mixing in the troposphere, linking the surface atmosphere with the free troposphere. The boundary layer has many features which influence local weather and atmospheric chemistry.

Stratosphere-troposphere exchange
Upward mass transport from the troposphere into the stratosphere is concentrated in the tropics, mainly through the convective ITCZ. This provides the mechanism to deposit anthropogenic chlorine gases into the stratosphere, which leads to destruction of the ozone layer. Downward transport into the troposphere occurs in the subtropics through the subtropical tropopause breaks, and in the extratropics through tropopause foldings associated with cyclones and cut-off lows. This downward transport is a sink for the products of chlorine chemistry involved in stratospheric ozone depletion, and it also supplies ozone to the troposphere.

3.
Chemistry of the Atmosphere

The composition of the atmosphere results from the interaction of solar radiation, the hydrological cycle, the primary atmospheric gases and the emission of trace gases produced mainly form biological processes from the earth's surface. Chemical change modifies the composition and photochemically driven reactions are of fundamental importance. Since man made trace gases are now influencing composition dramatically, knowledge of atmospheric chemistry is as important as knowledge of atmospheric physics for prediction of air quality and climate.


Tropospheric Chemistry - Since 90% of the atmospheric mass is in the troposphere - most of the chemical processing of atmospheric constituents takes place here. The primary chemical reactions concern the oxidation of volatile trace substances, through photochemically driven reactions involving ozone, the hydroxyl free radical, nitrogen oxides and other oxidising species. This oxidation generally leads to water soluble compounds which are eventually remove from the atmosphere by the precipitation elements. An exception is carbon compounds which are oxidised to CO2, which is removed at the surface by biological processes. As with weather, there are large regional differences in atmospheric chemistry, depending on the season and local surface emissions. Chemical reactions also take place in cloud droplets and on the surface of aerosols. Oxidation in cloud droplets is an important route for the conversion of sulphur dioxide to atmospheric sulphuric acid. Hydrolysis in droplets is an important removal mechanism for carbonyl halides formed from the oxidation of halogen compounds.

LECTURE 2 
Stratospheric chemistry and the ozone layer - theory and observations.

2.1
Stratospheric circulation

The temperature of the stratosphere increases from a minimum near the tropopause to a maximim at the stratopause. The resultant stability leads to relatively slow vertical transport and a mean flow from the winter to the summer hemisphere.  Slow descent occurs at high latitude in winter, whilst air is transferred into the stratosphere from the troposphere in tropical regions. Large gradients in temperatures and zonal winds are characteristic of the winter high latitudes in the polar vortices, which is particularly strong over the antarctic continent.  Horizontal exchange of air is active in the mid-stratosphere in winter.   

2.2
Chemistry of the Stratosphere

Stratospheric chemistry mainly concerns the chemical balance between formation and destruction of ozone, so creating the effective filter for ultraviolet radiation preventing it from reaching the earth's surface. Ozone is produced as a result of photo-dissociation of oxygen, by the combination of the atomic O fragments with molecular O2 to form ozone, O3 (the Chapman mechanism). 


O2 + h (< 243 nm) = O + O
(1)


O + O2 + M = O3 + M
(2)


O3 + h   = O2 + O
(3)

            O + O3 = O2 + O2
(4)

This process requires UV light of wavelengths < 242 nm i.e. deep ultraviolet, and this radiation only penetrates down to approximately 20 km altitude, because it is all absorbed by O2.  Ozone produced in this way is removed by chemical reactions involving other trace species in the nitrogen oxide, chlorine oxide and hydrogen oxide 'families' on time scales ranging from a few minutes at high altitude to several years in the lower stratosphere at high latitudes. This involves

catalytic cycles involving homogeneous gas-phase reactions of active free radical species in the  HOx, NOx, ClOx, BrOx  families:


X + O3  =  XO + O2
(5)


XO + O  =  XO + O2
(6)


net   O + O3  =  O2 + O2


where the catalyst X  = H, OH, NO, Cl and Br.  Thus these species can control the abundance and distribution of ozone in the stratosphere with varying degrees of efficiency depending on the rate coefficients of reactions (5) and (6) and the local abundance of the radicals.

In the lower stratosphere the chemistry is complicated by the involvement of temporary reservoir species such as HOCl, H2O2, HNO3, HNO4, HO2NO2 and ClONO2 which 'store' active radicals and which strongly couple the HOx, NOx and ClOx families. Also heterogeneous reactions involving the reservoir species serve to release active species and add new cycles leading to production and loss of active species.  The long photochemical and thermal lifetimes of ozone and the stable reservoir species in this region give rise to a strong interaction between chemistry and dynamics (transport) in the control of the distribution of ozone and other trace gases. 

LECTURE 3
Impact of pollutants on the ozone layer - heterogeneous chemistry in the lower stratosphere

3.1
Polar Ozone Depletion


In the winter stratosphere over the polar regions cold air is confined within a vortex and restricting connection with other parts of the atmosphere. In 1985 Farman et al published work which showed that in the column ozone in this vortex region had changed in recent years with the development of a deep minimum in column ozone in the early spring.  The ozone hole as it became to known has returned every spring with increasing intensity since the mid 1980s and in recent years ozone depletion has been observed in the Arctic polar spring.  Observations have shown clearly that the ozone loss is due to chemical destruction of ozone in the lower stratosphere, in the region where ozone is normally long lived and its distribution determined by transport processes.  

This can now be explained. Air from the upper stratosphere is trapped in the polar vortex and sinks slowly during winter.  In this air most of the CFCs have been photochemically decomposed and chlorine is mainly in the form of the reservoir molecules HCl and ClONO2    As the air in the core of the vortex cools polar stratosphere clouds (PSCs) form by condensation of water and nitric acid to form crystalline nitric acid trihydrate particles at about -800C.  

The surface of the PSCs provides sites for heterogeneous reactions between reservoir species which would otherwise be quite stable.  This leads to the creation of new temporary reservoir molecules containing chlorine which are much more sensitive to photochemical decomposition.  For example ClONO2 reacts with HCl on ice surfaces to give molecular chlorine (Cl2) and nitric acid which remains in the condensed phase:


ClONO2  + HCl (surface) = Cl2 + HNO3
(X 47)

when sunlight returns to the polar regions in early spring, photochemical reactions commence and Cl2 are dissociated readily by visible radiation to give chlorine atoms:


Cl2 + h = Cl + Cl






(X 48)

The chlorine atoms react with ozone to yield ClO is not formed .  A high concentration of ClO lead to the formation of the dimer, Cl2O2 in the self reaction of ClO. Photolysis of the dimer by near UV light releases chlorine atoms again and the whole sequence leads to loss of ozone:


ClO + ClO(+M) = Cl2O2(+M)
(X 49)

Cl2O2 + hv(visible) = 2Cl + O2
(X 50)

2(Cl + O3 = ClO + O2)
(X 42)


net:  2O3  =  3O2
Once processing by PSCs is terminated as temperatures start to rise, partitioning of the active chlorine into the reservoir species begins,  Firstly the ClO is converted to chlorine nitrate via reaction of with NO2 released by the photolysis of nitric acid:


HNO3 + hv = OH + NO2




(X39)


On a longer time scale chlorine is converted back to the most stable reservoir, HCl, by reaction of Cl with methane:


Cl + CH4 = HCl + CH3




(X 51)

Other catalytic cycles also contribute to ozone loss in the polar stratosphere, and the most important of these is that involving the reaction of bromine monoxide radicals, BrO

3.2
Mid latitude ozone loss 

In recent years it has become apparent that ozone loss has occurred in the lower stratosphere in the mid latitudes in both hemispheres.  The cause of this has been the subject of a wide range of observational and modelling studies but is still controversial.  A large number of photochemical and dynamical processes can influence the stratospheric ozone in this region. The main photochemical processes have been outlined already. 

Heterogeneous reactions on sulphuric aerosol


Outside the polar regions the stratospheric aerosol consists mainly of sulphuric acid droplets, which are distributed world-wide. Laboratory measurements suggest the possibility of heterogeneous reactions on the sulphate aerosol, at latitudes where PSCs are absent.  These heterogeneous reactions can effect the chemistry of chlorine bromine and nitrogen species in a significant way, particularly in periods of high aerosol density following major volcanic eruptions.  This chemistry may have contributed to the depletion of ozone seen at mid-latitudes after the eruption of Mt Pinatubo in 1991.

Bromine Chemistry


Although stratospheric bromine chemistry is formally similar to chlorine chemistry the bromine reservoir species (HBr, BrONO2, HOBr etc.) are more reactive.  As a result BrO is the dominant form of bromine in the stratosphere and although there is much less bromine in the stratosphere compared to chlorine, the contribution of BrO to ozone loss through catalytic processes involving BrO + ClO and BrO + HO2 reactions take on particular importance in the lower stratosphere.  Thus an important contribution is suspected from bromine compounds to the mid-latitude ozone loss. 

stratospheric sulphate aerosols

Stratospheric aerosols in the Junge layer, at 15-25 km altitude, are composed predominantly of sulphuric acid particles, which originate from photochemical oxidation of carbonyl sulphide which is present throughout the lower atmosphere at a constant concentration of approximately 0.5 ppb.  Injection of sulphur gases, mainly SO2, into the stratosphere from large volcanic eruptions, causes huge perturbations in the amount of stratospheric sulphate.  These perturbations lead to well documented short term (1-3 years) influences on global climate and on ozone.  Ozone loss in the lower stratosphere occurs as a result of enhanced heterogeneous reaction rates resulting from the additional aerosol surface area in that region  
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