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INTRODUCTION 

 

The educational-methodical complex is developed for the academic discipline 

“Atmospheric Chemistry and Climate Change”. 

The academic discipline “Atmospheric Chemistry and Climate Change” is the 

mandatory component of the educational program “Meteorolgy” for the master 

training by specialty 103 Earth Science. The discipline is taught in English at the 

1st semester of the 1st academic year of magistracy in the amount of 120 hours 

(4.0 ECTS credit), in particular: lectures – 18 hours, seminars – 16 hours, 

individual work– 85 hours. The form of final testing is test. 

 

1. The goal of the academic discipline is to study of English-language 

scientific and educational resources, acquaint students with the latest 

advances in world science in the field of climate, chemical atmospheres and 

in the study of global problem humanity involved in climate change and air 

pollution. 

2. Advance claims to mastering or selection of the academic discipline: –  

1) Knowledge of the theoretical foundations of chemistry, physics, physical 

geography, the ability to establish causal relationships between phenomena 

and processes occurring in the natural environment; 

2) Average level of English language proficiency; 

3) Possession of methods of synthesis and analysis of information. 

  

 3. Annotation of the discipline. The course is devoted to the study of the 

processes of formation and transformation of the chemical composition of the 

Earth's atmosphere and climate of the planet Earth under the influence of natural 

and anthropogenic factors.  

The course consists of two content modules. 

The first module examines the structure and functioning of the global climate 

system, the relationship between the atmosphere, hydrosphere, cryosphere, 



geosphere and biosphere, natural (tectonic activity, rock formation, geospatial 

factors, the effects of solar radiation) and anthropogenic (anthropogenic 

greenhouse gas, aerosol radiation forcing) mechanisms of climate change. 

The second module considers the processes of chemicals entering the 

troposphere from various sources (burning fossil fuels, burning biomass, aviation 

and astronautics, swamps, intestinal fermentation in animals, processes in soils and 

water systems, solvents and refrigerants, volcanoes) and their transformation in the 

troposphere and stratosphere, features of the formation of the chemical 

composition of the stratosphere with an emphasis on the mechanisms of ozone 

formation and destruction, on its climatic effect. The influence of global 

atmospheric circulation on the transport of pollutants in the atmosphere is 

analyzed. The main environmental problems and threats to humanity related to 

climate change and air pollution are analyzed in detail. 

In studying this module, the results of the latest scientific research, which are 

obtained by the international scientific community and are available in English-

language scientific journals, are actively used. 

4. The tasks of the discipline 

1) to form modern ideas about the global climate system and its 

transformation under the influence of internal and external natural and 

anthropogenic factors; 

2) to form an idea of the basic laws of physicochemical processes in the 

Earth's atmosphere; 

3) to form an idea of the evolution of the main gaseous and aerosol 

components of the atmosphere and their impact on the evolution of the Earth's 

climate; 

4) to form an idea of the anthropogenic load on the atmosphere, the 

geographical distribution of sources of pollution and the movement of pollutants 

by air currents under the influence of global and local circulation of the 

atmosphere. 



5) to form skills of application of laws of formation of physical and chemical 

processes in the atmosphere for the decision of practical problems of monitoring of 

the atmosphere, development of measures for mitigation and adaptation of social 

and economic sphere of human activity to climate change. 

According to the requirements of the Standard of Higher Education, the 

second (master's) level of higher education (seventh level of NRC of Ukraine), 

field of knowledge 10 "Natural Sciences", specialty 103 "Earth Sciences") 

discipline provides the acquisition of the following competencies: 

integral: 

- Ability to solve complex specialized problems and practical problems in the 

professional activity of the subject area of Earth sciences or in the learning process 

using modern theories and methods of research of natural and anthropogenic 

objects and processes using a set of interdisciplinary data and insufficient 

information; 

 

general: 

- ability to adapt and act in a new situation related to work in the specialty and the 

ability to generate new ideas in the Earth sciences. 

- ability to identify, pose, solve problems and make informed decisions in 

professional activities. 

- ability to communicate with specialists and experts of different levels of other 

fields of knowledge. 

- ability to work in an international context and in a global information 

environment in the specialty. 

- ability to act socially responsibly and consciously. 

 

special (professional, subject): 

 - understanding the need to comply with the rules of copyright and related 

intellectual property rights; perception of state and international systems of legal 

protection of intellectual property. 



- knowledge of modern principles of nature management, interaction of nature and 

society with the use of rational use of natural resources, environmental aspects and 

basics of environmental legislation. 

- understanding of the planet as a single system, the most important problems of its 

structure and development. 

- possession of modern research methods used in production and research 

organizations in the study of the Earth, its geospheres and their components. 

- ability to apply knowledge and necessary practical skills in planning, organizing, 

motivating, controlling and regulating the activities of specialized enterprises and 

institutions. 

- ability to apply scientific knowledge and put it into practice for the development 

and implementation of mechanisms for geoplaning, spatial planning, monitoring 

the development of regions, drawing up strategic plans and programs. 

 

5.Results of academic discipline study 

 

The result of study  

(1. To know; 2. To be able 

to; 3. Communication; 4. 

Autonomy and 

responsibility)  

Forms 

(and/or 

meth-ods 

and 

technologies

) of tuition 

and study  

 

Evaluation methods  

and threshold evaluation 

criterion  

 

Percent in 

final grade 

on 

discipline  

 Cod

e 

Results of study 

 

1 To know    

1.1. The main factors in 

the evolution of the 

chemical composition 

of the Earth's 

atmosphere, its 

lection, 

seminars  

Test, imple-mentation of 

creative analytic assignments, 

examination 

5 



connection with the 

evolution of climate. 

1.2. Global climate 

system. System 

components and 

relationships between 

them. 

lection, 

seminars 

Modular control work 1, 2; 

evaluation of oral answers / 

additions 

10 

1.3. Sources and effluents 

of chemicals in the 

atmosphere, features 

of physicochemical 

transformations of 

pollutants in the 

troposphere and 

stratosphere. 

lection, 

seminars 

Modular control work 1, 2; 

evaluation of oral answers / 

additions 

10 

1.4. Influence of global 

and local circulation 

on transport of 

pollutants in the 

atmosphere. 

lection, 

seminars 

Modular control work 1, 2; 

evaluation of oral answers / 

additions 

10 

1.5. Features of the 

influence of 

greenhouse gases, 

ground-level ozone, 

aerosols on the 

formation of climate. 

lection, 

seminars 

Modular control work 1, 2; 

evaluation of oral answers / 

additions 

10 

2 To be able to    

2.1. Use knowledge of the 

discipline to explain 

the anthropogenic 

lection, 

seminars 

Modular control work 1, 2; 

evaluation of oral answers / 

additions 

10 



theory of global 

warming. 

2.2. Possession of methods 

of processing research 

results and their 

evaluation 

lection, 

seminars 

Modular control work 1, 2; 

evaluation of oral answers / 

additions 

10 

2.3. To formalize - to 

translate external 

phenomena and 

processes into a sign 

form (to carry out 

theoretical 

abstraction) 

lection, 

seminars 

Modular control work 1, 2; 

evaluation of oral answers / 

additions 

5 

2.4. Measure the main 

meteorological values 

and use the 

information obtained 

in practice 

lection, 

seminars 

Modular control work 1, 2; 

evaluation of oral answers / 

additions 

10 

2.5. Analyze the 

parameters of the 

chemical composition 

of the atmosphere, 

climatic parameters 

and explain the 

natural phenomena 

associated with 

weather and air 

pollution 

lection, 

seminars 

Modular control work 1, 2; 

evaluation of oral answers / 

additions 

10 

3 Communication    

3.1. Demonstrate lection, Modular control work 1, 2; 10 



communication in a 

dialogue with 

colleagues and the 

target audience, 

conducting a 

professional scientific 

discussion 

seminars evaluation of oral answers / 

additions 

3.2. Display and present the 

results of their research 

in writing in English 

lection, 

seminars 

Modular control work 1, 2; 

evaluation of oral answers / 

additions 

5 

4 Autonomy and 

responsibility 
   

4.1 Demonstrate the ability 

to adapt and act in a 

new situation related to 

work in the specialty, 

the ability to generate 

new ideas in the field 

of Earth sciences  

lection, 

seminars 

Modular control work 1, 2; 

evaluation of oral answers / 

additions 

14% 

     

 

6.Relation of results of discipline study with program results of study 

 

Results of discipline study  

(code ) 

Program results  

of study (PRS, title)  

1.1 1.2 1.3 1.4 1.5 2.1 2.2 2.3 2.4 2.5 3.1 3.2 

Know the features of natural 

and anthropogenic systems and 

objects of the Earth's 

+ +    +    + + + 



geospheres; know the patterns 

of origin and development of 

physical and chemical 

processes in the Earth's 

atmosphere in different spatio-

temporal scales (PRN-1). 

Be able to communicate with 

specialists and experts of 

different levels of other fields 

of knowledge, including in the 

international context, in the 

global information 

environment (PRN-3). 

  + + +  + + +  + + 

To know modern methods of 

research of the Earth and its 

geospheres and to be able to 

put them in production and 

research activity; know 

modern concepts, methods 

and technologies of 

meteorological and climate 

research and be able to apply 

them to study atmospheric 

processes, weather 

forecasting, development of 

climate change scenarios, 

specialized meteorological 

support of industries (PRN-7). 

    + + +  + + + + 

Identify and classify 

atmospheric processes, 
+ +  + +   +   + + 



identify their new properties 

and characteristics (PRN-13) 

 

 

7.  Scheme of grade formation.  

The control is carried out according to the modular rating system. The 

maximum score is 100 points, 60 of which a student can score during the semester 

control and 40 points - on credit. 

The content module 1 (CM1) includes topics 1-2, the content module 2 (CM2). 

Knowledge of the laws of evolution of the Earth's climate in connection with the 

evolution of the chemical composition of the Earth's atmosphere (5th semester), as 

well as the main environmental problems of the planet related to the chemical 

composition of the atmosphere (global warming, smog and photochemical smog, 

ozone) is required (6th semester). 

 

7.1. Forms of student assessment: The semester number of points is formed 

by the points obtained by the student in the process of mastering the material on all 

topics of the four content modules and performing individual tasks. 

Evaluation by forms of control: 

 

CM1 CM2 

Min. - 18 points 
Max. - 30 

points 

Min. - 18 

points 

Max. - 30 

points 

Oral answer «3»×3=9* «5»×3=15* «3»×3=9* «5»×3=15* 

Addition 1 2 1 2 

Presentation 5 8 5 8 

Content module 

1 test 
3 5   

Content module 

2 test 
  3 5 



«3»/ «5» - the minimum / maximum grade that a student can receive. 

×3 – minimum / maximum credit number of works or tasks. 

=9*/15* – the total number of points that a student can receive. 

 

 Final assessment in the form of credit: the maximum number of points in 

the test - 40 points, the minimum number of points that are added to the semester - 

24 points (60% of the maximum number of points allocated for the test). 

Students who have scored at least 36 points during the semester (60% of the 

maximum number of points allocated for semester control) are allowed to take the 

test. 

For students who scored a lower number of points during the semester than the 

critical-calculated minimum - 36 points for the exam must re-pass the current 

control of knowledge (for example, in the form of testing in the prescribed manner. 

In case of absence of the student for valid reasons working off and transfer of 

control works are carried out according to "Regulations on the order of an 

estimation of knowledge of students at the credit-modular system of the 

organization of educational process" from October 1, 2010. 

 

Final assessment recommended ranges (min – max): 

 

 Content 

module 1 

Content 

module 2  

Test Final assessment 

Minimum 18 18 24 60 

Maximum 30 30 40 99 

 

7.2. Evaluation organization: 

Assessment is carried out during the semester in all types of work, including 

independent work and individual tasks. Deadlines for these tasks: 

topics 1-2 - until October 15, 

topics 3-4 - until December 15, 



Correspondence scale on a 100-point scale  

 

 Excellent 90-100 

 Good  75-89  

Satisfactory  60-74  

Fail  0-59  

 



1. PROGRAM OF THE ACADEMIC DISCIPLINE 

CONTENT MODULE 1.  INTRODUCTION TO CLIMATE CHANGE. 

GLOBAL CLIMATE SYSTEM AND ITS CHANGES. 

Theme 1. The Climate System 

Main components of climate system. 

 The Atmosphere. The Composition of the Atmosphere.  Carbon dioxide.   

 Nitrous oxide. Ozone. Halocarbons. Halocarbons. Other Trace Gases. Aerosols. 

The Vertical Structure of the Atmosphere.. The Energy Budget of the Atmosphere. 

Horizontal Energy Transfers. 

 Other Components of the Climate System.. The Oceans. The Cryosphere. The 

Biosphere. The Geosphere. 

 

Theme 2. Causes and Evidences of Climate Change  

What Changes Climate? Climate Influences: The First Inkling. Climate Influences: 

Natural Factors.Climate Influences: Greenhouse Effect. Example of Human-

Produced Greenhouse Gases. Climate Influences: The Carbon Cycle. Climate 

Influences: Past Climates. Evidences of Change. 

Theme 3. Modern methods and techniques used both to construct 

contemporary climate from instrumental records, and to reconstruct 

palaeoclimates from proxy data sources 

Climate Construction from Instrumental Data. Measurement of Climate Elements. 

Measurement of Temperature. Measurement of Rainfall. Measurement of 

Humidity. Measurement of Wind. Homogeneity. Statistical Analysis of 

Instrumental Records. Palaeoclimate Reconstruction from Proxy Data. Historical 

Records. Ice Cores. Stable isotope analysis. Physical and chemical characteristics 

of ice cores. Dendroclimatology. Ocean Sediments. Palaeoclimatic reconstruction 

from terrigenous material. Terrestrial Sediments. Periglacial features. Glacier 

fluctuations. Lake-level fluctuations.  

Pollen Analysis. Sedimentary Rocks. 

Theme 4. Climate modelling 



Simplifying the Climate System. Modelling the Climatic Response. The Climate 

Models. Energy Balance Models. Radiative-Convective Models. General 

Circulation Models. Confidence and Validation. 

 

Theme 5. Atmospheric lifetime of chemical substances 

Average residence time of substances. Categories of removal processes. Dry 

deposition. Wet deposition. Air volume substances balance. Calculations of 

lifetimes. 

 

CONTENT MODULE 2. CHEMISTRY OF THE UNPOLLUTED AND 

POLLUTED TROPOSPHERE, STRATOSPHERE AND GLOBAL 

CIRCULATION 

 

Theme 6. Atmospheric circulation impact on transport of chemichal 

substances 

Causes of Global Atmospheric Circulation. Features of global distribution of solar 

radiation. Annual global distribution of solar radiation. Latitudinal Variation of the 

Radiation Balance. Intertropical convergence zone (ITCZ). Horizontal pressure 

differences causes winds. Hypothetical circulation for a non-rotating Earth. 

Rotating Earth- Coriolis Force. Idealised global circulation. Three main cells of 

global circulation.  Surface Features of the Global Atmospheric Circulation 

System.  Pressure belts of the three-cell circulation model.  Global Atmospheric 

Circulation.  Local circulation. Different ranges of pollution’s transport. Scale of 

horizontal transport of air masses. Stratospheric Circulation: the Big Picture. 

Ozone Source Region. Seasonal Hemispheric Differences in Methane Distribution. 

Long-range transport of air pollution: Export from North America. Long-range 

transport of air pollution: Import into Europe. Interannual variability in transport. 

Conceptual picture of major transport pathways. 

 

Theme 7. Spatial and temporal scales of atmospheric processes 



Atmospheric chemical transformations. Homogeneous reactions. 

Heterogeneous reactions. Spatial and temporal scales of variability for atmospheric 

constituents. Microscale. Mesoscale. Synoptic Scale. Global Scale. Spatial scales 

characteristic of various atmospheric chemical phenomena Atmospheric lifetimes 

of chemical substances. 

Theme 8. Trace gases in atmosphere. 

Trace gases in chemical composition of atmosphere. What has contributed to 

the increased amount of greenhouse gases in the atmosphere today?   CO2 in the 

atmosphere. How have global CO2 emissions changed over time? Per capita CO2 

emissions. Share of global CO2 emissions by country. Methan. Carbon monoxide. 

Chlorofluorocarbons (CFCs). 

Theme 9. Greenhouse effect. 

Icoming solar radiation. Short wave radiation. Outgoing radiation. Long 

wave radiation. Solar Balance. Greenhouse effect. Main gases responsible for the 

greenhouse effect. Global warming. Trapping heat. Global warming potential. 

Radiative forcing. Consequences of the Greenhouse Effect. Greenhouse Effect 

Solution. 

Theme 10. Proceses in the troposphere 

Oxidation in the atmosphere. Most important oxidising species. Hydroxyl 

radical. Chemistry of the Hydroxyl Radical (OH) in the Troposphere. Zonal 

distribution of OH. 

Theme 11. Impact of meteorological condition on the chemistry of the 

atmosphere 

Night-time inversion in the planetary boundary layer. The diurnal cycle 

Inversion layer in winter Nitrate radical chemistry. Important night-time reactions 

of the nitrate radical. The Impact of Meteorology on the PM2.5 Pollution. 

 

Theme 12. Aerosols in atmosphere 



 Sources and sinks of aerosols. Production, growth, and removal of atmospheric 

aerosols. Radiative effects. Scattering of radiation. Visibility reduction. 

Perturbation to climate. Radiative forcing due to changes in aerosols. 

 

Theme 13. Stratospheric ozone formation 

 Ozone and oxygen. Stratospheric ozone formation. Chapman reactions 

cycle. The Antarctic ozone hole. Total ozone. Stratospheric ozone depletion. 

Emission, accumulation, and transport of ozone depletion gases. Conversion, 

reaction, and removal. Chlorofluorocarbons (CFCs). Stratospheric source gases. 

Lifetimes and emissions “heavier-than-air” CFCs. Upward air motions in tropical 

regions as a mechanism of entering of ozone-depleting substances emitted from 

any location on Earth’s surface into lower stratosphere. 

 



2. STRUCTURE OF THE ACADEMIC DISCIPLINE  

 

Subject plan of lectures and seminars 
 

 

№ 

of theme 

Theme name  

 

Number of hours 

 

Lectu

res 

 

Semi 

nars 

Self-

ruling 

studies  

Content Module 1.  Introduction to Climate Change. Global climate system 

and its changes  

 

Theme 1  The Climate System 

.  1 1 5 

Theme 2 Causes and Evidences of Climate Change  

 
2 1 5 

Theme 3 Modern methods and techniques used both 

to construct contemporary climate from 

instrumental records, and to reconstruct 

palaeoclimates from proxy data sources 2 1 5 

Theme 4 Climate modelling 

 
1 1 5 

Theme 5. Atmospheric lifetime of chemical 

substances 

 1 1 6 

Modular test No 2 and examination 

  2 

Content module 2. Chemistry of the unpolluted and polluted troposphere, 

stratosphere and global circulation 

 

Theme 6 Atmospheric circulation impact on transport 

of chemichal substances 

 2 1 7 

Theme 7 Spatial and temporal scales of atmospheric 

processes 

 1 1 7 

Theme 8 Trace gases in atmosphere. 

 
2 2 7 

Theme 9 Greenhouse effect. 

 
1 2 5 



Theme 10 Proceses in the troposphere 

 
2 2 5 

Theme 11 Impact of meteorological condition on the 

chemistry of the atmosphere 

 1 2 6 

Theme 12  Aerosols in atmosphere 

 
2 2 7 

Theme 13 Stratospheric ozone formation 

 
2 2 8 

Modular test No 2 and examination   2 

Final tesing    2 

TOTAL 18 16 85 

 

Total amount – 120 hours, including: 

Lectures – 18 hours, 

Practical trainings – 16 hours, 

Self-ruling studies – 85 hours. 



3. LECTURES AND SEMINARS  

CONTENT MODULE 1.   

INTRODUCTION TO CLIMATE CHANGE. GLOBAL CLIMATE 

SYSTEM AND ITS CHANGES. 

Lesson and Seminar 1. The Climate System 

Content 

1. Introduction 

2. The Atmosphere 

2.1. The Composition of the Atmosphere 

2.1.1. Carbon dioxide  

2.1.3. Nitrous oxide 

2.1.4. Ozone 

2.1.5. Halocarbons 

2.1.5. Halocarbons 

2.1.6. Other Trace Gases 

2.1.7. Aerosols 

2.2. The Vertical Structure of the Atmosphere 

2.3. The Energy Budget of the Atmosphere 

2.4. Horizontal Energy Transfers 

 Summary 

3. Other Components of the Climate System 

3.1. The Oceans 

3.2. The Cryosphere 

3.3. The Biosphere 

3.4. The Geosphere 

  Conclusion 

 

 

 

 



1. Introduction 

The key to understanding global climate change is to first understand what global 

climate is, and how it operates. This is the purpose of lesson 1. 

The global climate system is a consequence of and a link between the atmosphere, 

oceans, the ice sheets (cryosphere), living organisms (biosphere) and the soils, 

sediments and rocks (geosphere). Only by consideration of the climate system in 

these terms is it possible to understand the flows and cycles of energy and matter in 

the atmosphere, an understanding which is required to investigate the causes (and 

effects) of climatic change. 

 

2. The Atmosphere 

The atmosphere is a mixture of different gases and aerosols (suspended liquid and 

solid particles) collectively known as air which envelopes the Earth, forming an 

integrated environmental (climate) system with all the Earth's components. The 

atmosphere provides various functions, not least the ability to sustain life. Of prime 

interest for a discussion on climate change, however, is its ability to control the 

Earth's energy budget. To understand this process, it will be necessary to study in 

more detail the composition of the atmosphere 

2.1. The Composition of the Atmosphere 

Let us consider first the atmospheric gases. Table 1 illustrates the average gaseous 

composition of dry air below 25km. Although traces of atmospheric gases have 

been detected well out into space, 99% of the mass of the atmosphere lies below 

about 25 to 30km altitude, whilst 50% is concentrated in the lowest 5km (less than 

the height of Mount Everest). 

 

Table 1. Average composition of the atmosphere below 25km 

Component Chemical Abbreviation 
Volume % 

(dry air) 

Nitrogen N2 78.08 



Oxygen O2 20.98 

Argon Ar 0.93 

Carbon dioxide CO2 0.035 

Neon Ne 0.0018 

Helium He 0.0005 

Hydrogen H 0.00006 

Krypton Kr 0.0011 

Xenon
‡
 Xe 0.00009 

Methane CH4 0.0017 

Ozone O3 0.00006 

 

This gaseous mixture remains remarkably uniform in composition, and is the result 

of efficient biogeochemical recycling processes and turbulent mixing in the 

atmosphere. The two most abundant gases are nitrogen (78% by volume) and 

oxygen (21% by volume), and together they make up over 99% of the lower 

atmosphere. There is no evidence that the relative levels of these two gases are 

changing significantly over time. 

Despite their relative scarcity, the so-called greenhouse gases play an important 

role in the regulation of the atmosphere's energy budget 

 

2.2. Carbon dioxide  

Carbon dioxide (CO2), the most important of these minor gases, is involved in a 

complex global cycle. It is released from the interior of the Earth via volcanic 

eruptions, and by respiration, soil processes, combustion of carbon compounds and 

oceanic evaporation. Conversely, it is dissolved in the oceans and consumed during 

plant photosynthesis. Currently, there are 359 parts per million by volume (ppmv) 

of CO2 in the atmosphere, a concentration which is continuing to rise due to 

anthropogenic (man-made) emissions from the burning of fossil fuels and forests.  



 

2.3. Methane 

Methane (CH4) is another greenhouse gas, and is produced primarily by anaerobic 

(oxygen-deficient) processes such as the cultivation of rice paddies or animal 

digestion. It is destroyed in the lower atmosphere (troposphere) by reactions with 

free hydroxyl radicals (OH): 

CH4 + OH        CH3 + H2O 

Like CO2, its concentration in the atmosphere is increasing due to anthropogenic 

activities such as agricultural practices and landfills. 

 

2.4. Nitrous oxide 

Nitrous oxide (N2O) is produced by both biological mechanisms in the oceans and 

soils, and by anthropogenic means including industrial combustion, vehicle 

exhausts, biomass burning and the use of chemical fertilisers. It is destroyed by 

photochemical reactions (involving sunlight) in the upper atmosphere 

(stratosphere). The gas is approved for use as a food additive (E number: E942), 

specifically as an aerosol spray propellant. Its most common uses in this context 

are in aerosol whipped cream canisters and cooking sprays. 

Recreational inhalation of nitrous oxide, with the purpose of causing euphoria 

and/or slight hallucinations, began as a phenomenon for the British upper class in 

1799, known as "laughing gas parties". 

Starting in the nineteenth century, widespread availability of the gas for medical 

and culinary purposes allowed the recreational use to expand greatly throughout 

the world. In the United Kingdom, as of 2014, nitrous oxide was estimated to be 

used by almost half a million young people at nightspots, festivals and parties. The 

legality of that use varies greatly from country to country, and even from city to 

city in some сountries (Fig.1). 



.  

Fig.1. Used nitrous oxide whippits (N2O) near a secondary school in Utrecht-West, 

The Netherlands. Drug use by youngsters. Source: 

https://en.wikipedia.org/wiki/Nitrous_oxide 

 

2.5. Ozone 

Ozone (O3) in the stratosphere filters out harmful ultra-violet radiation from the 

Sun, and so protects life on Earth. Recently, there have been fears about the 

destruction of the ozone layer, principally over the Antarctic (Farman et al., 1985; 

Hofmann et al., 1992), but increasingly now over the Arctic regions (Hofmann et 

al., 1991). The concentration of O3 in the atmosphere is not uniform, unlike other 

trace gases, but varies according to altitude. O3 is formed during a photochemical 

reaction (Chapmen, 1930) involving solar ultra-violet radiation, an oxygen 

molecule and an oxygen atom, 

O2 + O + M        O3 + M 

where M represents the energy and momentum balance provided by collision with 

a third atom or molecule, for example oxides of nitrogen (NOx). The destruction of 

O3 involves the recombination with atomic oxygen, via the catalytic effect of 

agents such as OH radicals, NOx and chlorine (Cl, ClO) radicals. The 

concentration of O3 is determined by the finely balanced equilibrium of formation 

and natural destruction (Dotto & Schiff, 1978). Because the relative reaction rates 

https://en.wikipedia.org/wiki/Nitrous_oxide


of formation and destruction vary with temperature and pressure, so O3 

concentrations vary with altitude. Most of the ozone occurs in a layer between 15 

to 35 km altitude  where the relative reaction rates of formation and destruction 

rates are most conducive to O3 formation. The present fear about ozone depletion 

is due to the increase in amount of agents (such as Cl) in the atmosphere that 

increase the destruction rate of O3, so upsetting the delicate equilibrium that exists 

 

2.6. Halocarbons 

Halocarbons are compounds containing carbon, halogens such as chlorine, bromine 

and fluorine, and sometimes hydrogen. They may be wholly anthropogenic such as 

the CFCs or they may have natural sources, such as some of the methylhalides. 

Chlorofluorocarbons (CFCs) are entirely anthropogenically produced by aerosol 

propellants, refrigerator coolants and air conditioners. They are made up of carbon, 

chlorine and fluorine molecules. CFCs are destroyed slowly by photochemical 

reactions in the upper atmosphere (stratosphere). CFCs were absent from the 

atmosphere before the 1930s, but over the last half century, their concentrations 

have steadily increased. Although their concentrations are measured in parts per 

trillion (by volume), they are seen as a significant threat to future global warming. 

They possess long atmospheric lifetimes measured in decades to centuries, and 

molecule for molecule, are thousands of time stronger as a greenhouse gas than 

CO2 (IPCC, 1990a). Halons are similar anthropogenic species but contain bromine 

instead of chlorine. 

Other halocarbons include the Hydrochlorofluorocarbons (HCFCs) and 

hydrofluorocarbons (HFCs). These are anthropogenic compounds currently being 

used as substitutes to replace CFCs which are being phased out under the terms of 

the Montreal Protocol, to protect the ozone layer. 

Many of the other gases in the atmosphere are the noble or inert gases, including 

argon, neon, helium, krypton and xenon (see Table 1.1). Because of their chemical 

inertness, they play little or no part in the chemical and physical processes 

operating in the atmosphere 



 

2.7. Other Trace Gases 

In addition to these gases, water vapour (H2O) is a vital atmospheric constituent, 

averaging about 1% by volume, with significant variations across spatial and 

temporal scales. Its presence in the atmosphere forms part of the global 

hydrological cycle. Water vapour, being the most important natural greenhouse gas 

on account of its abundance, plays a crucial role in the regulation of the 

atmosphere's energy budget. Despite this, the total volume of water in the 

atmosphere is relatively small, and, if precipitated completely and evenly over the 

whole Earth, would yield only about 25mm of rainfall. In reality, of course, rainfall 

distribution is highly uneven, due to the internal dynamic processes within the 

global climate system. 

In addition to the gases in Table 1., there are other reactive gas species produced 

by cycles of sulphur (S), nitrogen (N2) and chlorine (Cl) halogens. For a further 

discussion of these species, Wayne (1991) offers a useful text. 

 

2.8. Aerosols 

Variations in the abundance of the atmospheric greenhouse gases have the 

potential for changing the global climate. Variations in another group of species, 

namely the atmospheric aerosols, can also affect climate. Aerosols are solid or 

liquid particles dispersed in the air , and include dust, soot, sea salt crystals, spores, 

bacteria, viruses and a plethora of other microscopic particles. Collectively, they 

are often regarded as air pollution, but many of the aerosols have a natural origin 

(Jonas et al., 1995). Although atmospheric turbidity (the abundance of aerosols) 

varies over short time scales, for example after a volcanic eruption (Sear et al., 

1987; section 2.6.3), over the long term it maintains a fair degree of equilibrium, 

owing to the natural cleansing mechanisms of the Earth's climate system. 

Cleansing is never complete, however, and there always remains a background 

level of atmospheric aerosols which reflects the dynamic processes involved with 

aerosol input and aerosol removal. Natural sources of aerosols are probably 4 to 5 

http://www.ace.mmu.ac.uk/Resources/gcc/2-6-3.html


times larger than anthropogenic ones on a global scale (Barry & Chorley, 1992), 

but regional variations of anthropogenic emissions may change this ratio 

significantly in certain areas, particularly in the industrialised Northern 

Hemisphere. 

 

2.9. The Vertical Structure of the Atmosphere 

Most of the gaseous constituents are well mixed throughout the atmosphere. 

However, the atmosphere itself is not physically uniform but has significant 

variations in temperature and pressure with altitude. Figure 2 shows the structure 

of the atmosphere, in which a series of layers is defined by reversals of 

temperature. 

 

 

 

Figure 2. The Vertical Structure of the Atmosphere  

 

 The lowest layer, often referred to as the lower atmosphere, is called the 

troposphere. It ranges in thickness from 8km at the poles to 16km over the equator, 

mainly as the result of the different energy budgets at these locations (Campbell, 

1986; Lamb, 1982). Although variations do occur, the average decline in 



temperature with altitude (known as the lapse rate) is approximately 6.5°C per 

kilometre. The troposphere contains up to 75% of the gaseous mass of the 

atmosphere, as well as nearly all of the water vapour and aerosols (Barry & 

Chorley, 1992), whilst 99% of the mass of the atmosphere lies within the lowest 

30km. 

Owing to the temperature structure of the troposphere, it is in this region of the 

atmosphere where most of the world's weather systems develop. These are partly 

driven by convective processes that are established as warm surface air (heated by 

the Earth's surface) expands and rises before it is cooled at higher levels in the 

troposphere. 

The tropopause marks the upper limit of the troposphere, above which 

temperatures remain constant before starting to rise again above about 20km. This 

temperature inversion prevents further convection of air, thus confining most of the 

world's weather to the troposphere. 

The layer above the tropopause in which temperatures start to rise is known as the 

stratosphere. Throughout this layer, temperatures continue to rise to about an 

altitude of 50km, where the rarefied air may attain temperatures close to 0°C. This 

rise in temperature is caused by the absorption of solar ultraviolet radiation by the 

ozone layer. Such a temperature profile creates very stable conditions, and the 

stratosphere lacks the turbulence that is so prevalent in the troposphere. 

The stratosphere is capped by the stratopause, another temperature inversion 

occurring at about 50km. Above this lies the mesosphere up to about 80km through 

which temperatures fall again to almost -100°C. Above 80km temperatures rise 

continually (the thermosphere) to well beyond 1000°C, although owing to the 

highly rarefied nature of the atmosphere at these heights, such values are not 

comparable to those of the troposphere or stratosphere 

 

2.10. The Energy Budget of the Atmosphere 

 



The Earth, however, does have an atmosphere and this affects its energy balance. 

The average global temperature is, in fact, 288K or 15°C, 33K warmer than the 

effective radiation temperature. 

Although the Earth and Sun behave approximately as black bodies, this is not the 

case for the gases that make up the Earth's atmosphere. Certain atmospheric gases 

absorb radiation at some wavelengths but allow radiation at other wavelengths to 

pass through unimpeded. 

Absorption of energy by a particular gas occurs when the frequency of the 

electromagnetic radiation is similar to that of the molecular vibrational frequency 

of the gas in question. The atmosphere is mostly transparent (little absorption) in 

the visible part of the spectrum, but significant absorption of ultraviolet radiation 

(incoming short-wave solar radiation) by ozone, and infrared radiation (long-wave 

outgoing terrestrial radiation) by water vapour, carbon dioxide and other trace 

gases occurs. This is shown in Figure 3. 

The absorption of terrestrial infrared radiation is particularly important to the 

energy budget of the Earth's atmosphere (Campbell, 1986). Such absorption by the 

trace gases heats the atmosphere, stimulating it to emit more long-wave radiation. 

Some of this is released into space (generally at higher, colder levels in the 

atmosphere) whilst most is re-radiated back to Earth. The net effect of this is that 

the Earth stores more energy near its surface than it would if there was no 

atmosphere, consequently the temperature is higher by about 33K. 

This process is popularly known as the greenhouse effect. Glass in a greenhouse is 

transparent to solar radiation, but opaque to terrestrial infrared radiation. The glass 

acts like some of the atmospheric gases and absorbs the outgoing energy. Much of 

this energy is then re-emitted back into the greenhouse causing the temperature 

inside to rise. In reality, a greenhouse is warmer than its surroundings principally 

because of the shelter it offers rather than because of any radiative considerations. 

Nevertheless, the term has stuck, largely as a result of the media coverage. 

Consequently, the gases in the atmosphere which absorb the outgoing infra-red 

radiation are known as greenhouse gases and include carbon dioxide, water vapour, 



nitrous oxide, methane and ozone. All the gases have molecules whose vibrational 

frequency lies in the infrared part of the spectrum. Despite the considerable 

absorption by these greenhouse gases, there is an atmospheric window through 

which terrestrial infrared radiation can pass (Kemp, 1994). This occurs at about 8 

to 13 km, and its gradual closing is one of the effects of anthropogenic emissions 

of greenhouse gases. 

As well as absorbing solar and terrestrial radiation, gases in the atmosphere, along 

with aerosols, also scatter radiation. Of principal importance is the scattering of the 

incoming solar radiation, because this, too, can alter the overall energy budget of 

the atmosphere. Scattering occurs when a photon impinges on an obstacle without 

being absorbed.  

Figure 4 summarises schematically the global energy transfers that have been 

discussed. Energy arriving at the top of the atmosphere starts an energy cascade 

involving numerous energy transformations. On entering the atmosphere, some of 

the solar (short-wave) radiation is absorbed by gases in the atmosphere (eg. ozone), 

some is scattered, some is absorbed by the Earth's surface and some is reflected 

directly back into space by either clouds or the surface itself. The amount of short-

wave radiation reflected depends on a factor known as the albedo (or reflectivity). 

Albedo varies according to the surface. Ice and certain clouds have a high albedo 

(0.6 to 0.9) whilst the oceans generally have a low albedo (0.1) For the whole 

Earth this averages at about 0.30, meaning that 30% of the incoming solar radiation 

is reflected. 
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Figure 4. The Earth-Atmosphere Energy Balance  

 

Of the terrestrial (long-wave) radiation re-emitted from the Earth's surface, most is 

re-absorbed by the greenhouse gases and only a little escapes directly through the 

atmospheric window. Long-wave radiation re-emitted from the atmosphere 

(greenhouse gases, clouds) is either returned to the Earth's surface or released into 

space. The net result of this greenhouse effect is to increase the amount of energy 

stored near the Earth's surface, with a consequent increase in temperature. There 

are also additional heat fluxes associated with evaporation and transpiration which 

balance the energy fluxes into and out of all parts of the Earth-atmosphere system 

 

2.11. Horizontal Energy Transfers 

Figure 4 illustrates how the energy transfers of the Earth-atmosphere system are in 

equilibrium. On a global scale and over a time period of several days and more this 



assumption is valid, and is adequate for an understanding of the causes of climate 

change. However, the real world is more complex than this. 

If energy fluxes are calculated for different areas around the globe, one finds that 

between about 40°N and 35°S the incoming solar radiation is greater than the 

outgoing terrestrial radiation. Elsewhere (i.e. nearer the poles), there is a net 

radiation deficit, that is, more radiation is lost than received ( Figure 5). 

 

 

 

Figure 5. Net latitudinal radiation balance  

 

To restore equilibrium to this balance a meridional interchange of heat exists from 

the tropics to the poles (Figure 6). 

 



 

 

Figure 6. Poleward latitudinal energy flux  

 

 If this energy transfer did not occur, the equator would be 14°C warmer on 

average than now, whilst the North Pole would be 25°C colder (Barry & Chorley, 

1992). This latitudinal transfer of energy occurs in several ways, involving the 

movement of sensible heat (convection processes caused by heating, rising and 

dispersion of surface air), latent heat (evapotranspiration processes involving 

evaporation of water vapour from the oceans and transpiration from land plants) 

and ocean currents.. 

As well as this movement of heat energy, there are other transfers which occur and 

must be balanced according to thermodynamic and physical principles. These 

include the transfer and balance of mass, momentum and moisture. The movement 

of heat involves the movement of air (sensible heat ), and moisture or water vapour 

(evapotranspiration). If a packet of air moves from the equator to the poles, this air 

must be replaced by colder air returning from the poles, having released its heat. In 



other words, the fluxes of air masses at specific locations around the Earth must be 

in equilibrium. By similar reasoning, both moisture and momentum fluxes must 

balance (Cubasch & Cess, 1990). 

This picture is further complicated by the rotation of the Earth, which introduces a 

Coriolis Force on the moving atmosphere, and the axial tilt of the Earth, which 

affects the seasonal and latitudinal distribution of solar radiation. However, these 

phenomena are more usually covered in the study of meteorology, which is beyond 

the scope of this guide. Barry & Chorley (1992) provide a more detailed discussion 

for those interested. Figure 7 schematises a rudimentary Earth atmospheric 

circulation 

 

 

 

Figure 7. Simple atmospheric circulation 

 

 Summary 

It is the fluxes principally of energy but also of moisture, momentum and mass, 

which determine the state of our climate. Factors which influence these on a global 

scale may be regarded as causes of global climate change. So far, however, only 

the fluxes in and out of and within the atmosphere have been considered. In the 

introduction, it was highlighted that the atmosphere forms just one, albeit, major 

component of the climate system. Before looking at the causes of global climate 



change then, it is worth devoting a little time to the other components of the 

climate system (the oceans, cryosphere, biosphere and geosphere), and how the 

fluxes of energy, moisture momentum and mass operate between them. 

 

3. Other Components of the Climate System 

 

3.1. The Oceans 

It is clear that the atmosphere does not respond as an isolated system. Like the 

atmosphere, the thermodynamic state of the oceans is determined by the transfer of 

heat, momentum and moisture to and from the atmosphere. Ignoring for the 

moment the other components of the climate system, these fluxes within this 

coupled ocean-atmosphere system exist in equilibrium. 

Momentum is transferred to the oceans by surface winds, mobilising the global 

surface ocean currents. Surface ocean currents assist in the latitudinal transfer of 

sensible heat in a similar fashion to the process occurring in the atmosphere. Warm 

water moves poleward whilst cold water returns towards the equator. Energy is 

also transferred via moisture. Water evaporating from the surface of the oceans 

stores latent heat which is subsequently released when the vapour condenses to 

form clouds and precipitation. 

The significance of the ocean is that it stores a much greater quantity of energy 

than the atmosphere. This is on account of both its larger heat capacity (4.2 times 

that of the atmosphere) and its much greater density (1000 times that of air). The 

vertical structure of the ocean (Figure 8) can be divided into two layers which 

differ in the scale of their interaction with the overlying atmosphere. 



 

 

 Figure 8. Vertical structure and circulation of the oceans  

 

The lower layer comprises the cold deep water sphere, making up 80% of the 

oceans volume. The upper layer, which has closest contact with the atmosphere, is 

the seasonal boundary layer, a mixed water sphere extending down only 100m in 

the tropics but several kilometres in polar regions. The seasonal boundary layer 

alone stores approximately 30 times as much heat as the atmosphere (Henderson-

Sellers & Robinson, 1986). Thus for a given change in heat content of the ocean-

atmosphere system, the temperature change in the atmosphere will be around 30 

times greater than that in the ocean. Clearly then, small changes to the energy 

content of the oceans could have considerable effects on global climate. 

 

3.2. The Cryosphere 

The cryosphere consists of those regions of the globe, both land and sea, covered 

by snow and ice. These include Antarctica, the Arctic Ocean, Greenland, Northern 

Canada, Northern Siberia and most of the high mountain ranges throughout the 

world, where sub-zero temperatures persist throughout the year. The cryosphere 

plays another important role in the regulation of the global climate system. 



Snow and ice have a high albedo  (reflectivity), that is they reflect much of the 

solar radiation they receive. Some parts of the Antarctic reflect as much as 90% of 

the incoming solar radiation, compared to a global average of 31%. Without the 

cryosphere, the global albedo would be considerably lower. More energy would be 

absorbed at the Earth's surface rather than reflected, and consequently the 

temperature of the atmosphere would be higher. Indeed, during the Cretaceous 

Period (120 to 65 million years ago) evidence suggests there was little or no snow 

and ice cover, even at the poles, and global temperatures were at least 8 to 10°C 

warmer than today (Frakes, 1979). 

The cryosphere also acts to decouple the atmosphere and oceans, reducing the 

transfer of moisture and momentum, so stabilising the energy transfers within the 

atmosphere (Henderson-Sellers & Robinson, 1986). The formation of sea ice in 

polar region can initiate global thermohaline circulation patterns in the oceans, 

which greatly influence the global climate system. Finally, the presence of the 

cryosphere itself markedly affects the volume of the oceans and global sea levels, 

changes to which can affect the energy budget of the climate system 

 

3.3. The Biosphere 

Life may be found in almost any environment existing on Earth. Nevertheless, in a 

discussion on the climate system, it is convenient to regard the biosphere as a 

discrete component, like the atmosphere, oceans and cryosphere. 

The biosphere, both on land and in the oceans, affects the albedo of the Earth's 

surface. Large areas of continental forest have relatively low albedos compared to 

barren regions such as deserts. The albedo of deciduous forests is about 0.15 to 

0.18 whilst that of coniferous forests is 0.09 to 0.15 (Barry & Chorley, 1992). 

Tropical rainforest reflects even less energy, approximately 7 to 15% of that which 

it receives. In comparison, the albedo of a sandy desert is about 0.3. Clearly, the 

presence of the continental forests affect the energy budget of the climate system. 

The biosphere also influences the fluxes of certain greenhouse gases such as 

carbon dioxide and methane. Plankton in the surface oceans utilise the dissolved 



carbon dioxide for photosynthesis. This establishes a flux of carbon dioxide, with 

the oceans effectively "sucking" down the gas from the atmosphere. On death, the 

plankton sink, transporting the carbon dioxide to the deep ocean. Such primary 

productivity reduces by at least four-fold the atmospheric concentration of carbon 

dioxide (Broecker, 1982), weakening significantly the Earth's natural greenhouse 

effect. 

The biosphere also influences the amount of aerosols in the atmosphere. Millions 

of spores, viruses, bacteria, pollen and other minute organic species are transported 

into the atmosphere by winds, where they can scatter incoming solar radiation, and 

so influence the global energy budget 

 

3.4. The Geosphere 

The fifth and final component of the global climate system is the geosphere, 

consisting of the soils, the sediments and rocks of the Earth's land masses, the 

continental and oceanic crust and ultimately the interior of the Earth itself. These 

parts of the geosphere each play a role in the regulation and variation of global 

climate, to a greater or lesser extent, over varying time scales. 

Variations in global climate over tens of millions or even hundreds of millions of 

years are due to modulations within the interior of the Earth (Pickering & Owen, 

1994; Raymo & Ruddiman, 1992; Ruddiman & Kutzbach, 1991). Changes in the 

shape of ocean basins and the size of continental mountain chains (driven by plate 

tectonic processes) may influence the energy transfers within and between the 

coupled components of the climate system. 

Volcanism, although driven by the slow movement of the tectonic plates, occurs 

regularly on much shorter timescales. Volcanic eruptions replenish the carbon 

dioxide in the atmosphere, removed by the biosphere, and emit considerable 

quantities of dust and aerosols. Volcanic activity can therefore affect the energy 

budget and regulation of the global climate system. 

 

Conclusion 



The overall state of the of the global climate is determined by the balance of solar 

and terrestrial radiation budgets. How this energy balance is regulated depends 

upon the fluxes of energy, moisture, mass and momentum within global climate 

system, made up of its 5 components, the atmosphere, the oceans, the cryosphere, 

the biosphere and the geosphere. This is schematised in Figure 9. 

 

 

 

Figure 9. The global climate system and its energy transfers  

 

Arguably there is a sixth component, an anthropogenic system, mankind. In the last 

200 years, through increased utilisation of the world's resources, humans have 

begun to influence the global climate system, primarily by increasing the Earth's 

natural greenhouse effect.  
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LESSON 2. Causes and Evidences of Climate Change  

Lesson context 

1.Climate Influences: The First Inkling 

2.Climate Influences: Natural Factors 

3.Climate Influences: Greenhouse Effect 

4.Example of Human-Produced Greenhouse Gases 

5.Climate Influences: The Carbon Cycle  

6.Climate Influences: Past Climates  

7.Evidences of Change  

 

1.Climate Influences: The First Inkling 

Around 1900, a respected Swedish scientist named Svante Arrhenius published a 

series of papers and a book that included a crazy-sounding prediction. He and a 

colleague were studying the carbon cycle by estimating the changes in carbon 

dioxide (or CO2) produced by natural processes such as rock weathering, volcanic 

eruptions, and ocean absorption. 

He also looked at a source no one had thought of before—humans. Was it possible 

that humans could change the climate? Arrhenius took his colleague's calculations 

of carbon emissions from human activities and crunched the numbers. 

When atmospheric carbon doubled, he figured, it would be enough to raise Earth's 

temperature 9-11°F (5-6°C), but it would take thousands of years to do it at 1896 

rates. By the time his book on the subject was published in 1908, so much more 

coal was being burned, Arrhenius revised his estimate to centuries. But he 

reasoned that a warmer climate would be a GOOD thing—understandable, 



perhaps, given his home in Stockholm, a few hundred miles shy of the Arctic 

Circle.  

Although Arrhenius went on to win the Nobel Prize for Chemistry in 1903, his 

carbon calculations faded into obscurity. In the hundred years since Arrhenius 

made his estimate—remarkably close to today's best figure—scientists hotly 

debated the causes of past and current climate change. However today, most 

climate scientists agree that multiple lines of evidence clearly show that human-

induced climate change is taking place. 

2.Climate Influences: Natural Factors 

Earth's climate shifts over time because so many different land, ocean, and space 

phenomena have a hand in it. The sun is the main driver of Earth's climate, as it 

provides most of the energy. The sun's energy output increased about a tenth of a 

percent from 1750 to 1950, which contributed about 0.2°F (0.1°C) warming in the 

first part of the 20th century. But since 1979, when we began taking measurements 

from space, the data show no long-term change in total solar energy, even though 

Earth has been warming. 



 

Repetitive cycles in Earth's orbit can influence the angle and timing of sunlight. 

The tilt and wobble of Earth's axis and the degree to which its orbit is stretched 

produce the Milankovitch cycles, which scientists believe triggered and shut off ice 

ages for the last few million years. But these changes take thousands of years, and 

so cannot explain the warming in this century. 

Drifting continents make a big difference in climate over millions of years by 

changing ice caps at the poles and by steering ocean currents, which transport heat 

and cold throughout the ocean depths. These currents in turn influence atmospheric 

processes. Snow and ice on Earth also affect climate because they reflect more 

solar energy than darker land cover or open water. 



 

Huge volcanic eruptions can cool Earth by injecting ash and tiny particles into the 

stratosphere. The resulting haze shades the sun for a year or two after each major 

blast. Dust and tiny particles thrown into the air by both natural processes and 

human activities can have a similar effect, although some absorb sunlight and help 

heat the climate. 

 

 



Greenhouse gases, which occur both naturally and as a result of human activities, 

also influence Earth's climate.  

3.Climate Influences: Greenhouse Effect 

 

Earth's surface absorbs heat from the sun and then re-radiates it back into the 

atmosphere and to space.  



 

Much of this heat is absorbed by greenhouse gases, which then send the heat back 

to the surface, to other greenhouse gas molecules, or out to space. This is 

commonly called "the Greenhouse Effect" but "the blanket effect" may be more 

appropriate. Though only 1% of atmospheric gases are greenhouse gases, they are 

extremely powerful heat trappers. By burning fossil fuels faster and faster, humans 

are effectively piling on more blankets, heating the planet so much and so quickly 

that it's hard for Mother Nature and human societies to adapt.  

Though carbon dioxide gets the most press, it's certainly not the only greenhouse 

gas, nor even the most powerful. However, humans produce more of it than any 

other greenhouse gas, and it's very long-lasting (50-100+ years). In the United 

States, CO2 comprises more than 80% of total greenhouse gas emissions. 

4.Example of Human-Produced Greenhouse Gases 

  Global Warming Potential (Relative to 



CO2) 

Species 
Lifetime 

(years) 
20 years 100 years 500 years 

Methane 12+/- 3 56 21 6.5 

Nitrous Oxide 120 280 310 170 

Sulfur 

hexafluoride 
3,200 16,300 23,900 34,900 

Carbon 

tetrafluoride 
50,000 4,400 6,500 10,000 

The other greenhouse gases are both natural and human-made. The most common 

are methane, nitrous oxide, ozone, fluorinated gases, and water vapor. Methane, for 

example, is only about 8% of U.S. greenhouse gas output, but is 21 times more 

powerful than carbon dioxide per molecule, although it does not stay in the 

atmosphere as long. It is produced naturally in wetlands, melting permafrost, 

termites, belching cows, and by human activities, such as fossil fuel production, 

landfills, and rice cultivation. 

Water vapor is by far the most important gas in the natural greenhouse effect, 

contributing 60% of the effect to carbon dioxide's 26%. Human activities don't 

directly increase water vapor. Instead, warming produced by other gases, such as 

CO2, increases evaporation and allows the atmosphere to hold more water vapor. 

And in fact, satellites have detected an increase in atmospheric moisture over the 

oceans at a rate of 4% per degree F of warming (7% per degree C) since 1988. This 

additional water vapor then adds to the warming because water vapor is a 

greenhouse gas. More water vapor can also produce more clouds, which have a 

complicated effect of both cooling the atmosphere by reflecting light and warming 

it by trapping heat below the clouds. 

5.Climate Influences: The Carbon Cycle  



 

Carbon dioxide isn't stuck in the atmosphere once it gets there. It moves into and 

out of living organisms, soil, rock, and water. For example, plants take up carbon 

dioxide in the air to make wood, stems, and leaves, and then release it back into the 

air when the leaves fall or the plants die. Forest fires release large amounts of CO2, 

providing an important reason to preserve forests. Animals, including humans, take 

up carbon when they eat plants, and then release CO2 back into the atmosphere via 

respiration. 

Over very long time frames, the weathering of rocks can add carbon to surface 

waters that run into the ocean. Eventually, this carbon is removed from the water 

and forms limestone. It can later be released back into the atmosphere from 

volcanoes when the rock is melted. 

In ancient times when Earth had a much warmer climate, huge swamps buried 

plant material faster than it could decay, and when the buried remains were 

subjected to heat and pressure, they became coal. In similar ways, microorganisms 



buried on lake and sea bottoms throughout Earth's history produced oil. These 

processes locked up lots of carbon as oil, gas, and coal. By burning these fuels in 

the last 150 years, we have suddenly released into the atmosphere carbon that took 

hundreds of millions of years to store.  

6. Climate Influences: Past Climates  

 

Certainly, temperatures in Earth's past have been higher (and lower) than today, 

and 

CO2 concentrations have varied considerably. At certain times, changes in the 

Earth's orbit caused warmer temperatures, which increased CO2 and produced 

additional warming in a feedback process. But today, the CO2 released by human 

activities is triggering the increase in temperatures. 

Questions for self preparation 

How do you think hurricanes are likely to be affected by global warming in the 

future? 

a) More hurricanes 

b) Fewer hurricanes 



c) More intense (stronger wind speeds, heavier rain) 

d) Less intense (lower wind speeds, less rain) 

Answer: This actually is a subject of considerable scientific debate. Scientists are 

not sure whether the frequency of hurricanes will change, but they think that those 

that do form will likely be more intense with stronger wind speeds and heavier rain 

(answer c).  

Studies suggest that for every 1.8°F (1°C) increase in tropical sea surface 

temperatures, core rainfall will increase by 6-18%, and surface wind speeds of the 

strongest hurricanes will increase 1-8%. Storm surge levels are also likely to 

increase. However, some studies suggest that vertical wind shear increases may 

reduce hurricane activity, at least in some areas. 

We don't have enough data on tornadoes to determine whether their frequency or 

severity is changing. And global climate models can't currently simulate features as 

small as these storms. 

While winters will be warmer overall, when storms do occur, they will likely 

produce more snowfall, stronger winds, and higher waves, although these effects 

may vary with location. 



Lesson and Seminar 3.  

Modern methods and techniques used both to construct contemporary climate 

from instrumental records, and to reconstruct palaeoclimates from proxy 

data sources 

Lesson context 

1.Climate Construction from Instrumental Data 

 1.1. Measurement of Climate Elements 

1.2. Measurement of Temperature 

1.3. Measurement of Rainfall 

1.4. Measurement of Humidity 

1.5. Measurement of Wind 

2. Homogeneity 

3. Statistical Analysis of Instrumental Records 

4. Palaeoclimate Reconstruction from Proxy Data 

4.1. Historical Records 

4.2. Ice Cores 

4.3. Stable isotope analysis 

4.4. Physical and chemical characteristics of ice cores 

4.5. Dating ice cores 

4.6. Dendroclimatology 

4.7. Ocean Sediments 

4.8. Pollen Analysis 

 

1. Climate Construction from Instrumental Data 

 

Contemporary climate change may be studied by constructing records of values 

(daily, monthly and annual) which have been obtained with standard equipment. 

The instruments must be properly installed in suitable places, carefully maintained 

and conscientiously observed.  

 



1.1. Measurement of Climate Elements 

1.2. Measurement of Temperature 

Many surface air temperature records extend back to the middle part of the last 

century. The measurement of the surface air temperature is essentially the same 

now as it was then, using a mercury-in-glass thermometer, which can be calibrated 

accurately and used down to -39°C, the freezing point of mercury. For lower 

temperatures, mercury is usually substituted by alcohol. Maximum and minimum 

temperatures measured during specified time periods, usually 24 hours, provide 

useful information for the construction and analysis of temperature time series. 

Analysis involves the calculation of averages and variances of the data and the 

identification, using various statistical techniques, of periodic variations, 

persistence and trends in the time series. 

  

1.3. Measurement of Rainfall 

Rainfall is measured most simply by noting periodically how much has been 

collected in an exposed vessel since the time of the last observation. Care must be 

taken to avoid underestimating rainfall due to evaporation of the collected water 

and the effects of wind. 

 Time series can be constructed and analysis performed in a similar manner to 

those of temperature. 

The measurement of global rainfall offers an indirect or qualitative assessment of 

the energy of the Earth-atmosphere system. Increased heat storage will increase the 

rate of evaporation from the oceans (due to higher surface temperatures). In turn, 

the enhanced levels of water vapour in the atmosphere will intensify global 

precipitation.  

 

1.4. Measurement of Humidity 

The amount of water vapour in the air can be described in at least 5 ways, in terms 

of: 

1) the water-vapour pressure; 



2) the relative humidity; 

3) the absolute humidity 

4) the mixing ratio 

5) the dewpoint. 

A full account of these definitions may be found in Linacre (1992). The standard 

instrument for measuring humidity is a psychrometer. This is a pair of identical 

vertical thermometers, one of which has the bulb kept wet by means of a muslin 

moistened by a wick dipped in water. Evaporation from the wetted bulb lowers its 

temperature below the air temperature (measured by the dry bulb thermometer). 

The difference between the two measured values is used to calculate the air's 

water-vapour pressure, from which the other indices of humidity can be 

determined. 

1.5. Measurement of Wind 

Wind is usually measured by a cup anemometer which rotates about a vertical axis 

perpendicular to the direction of the wind. The exposure of wind instruments is 

important (Johnson & Linacre, 1978); any obstruction close by will affect 

measurements. Wind direction is also measured by means of a vane, accurately 

balanced about a truly vertical axis, so that it does not settle in any particular 

direction during calm conditions 

2. Homogeneity 

Non-climatic influences - inhomogeneities - can and do affect climatic 

observations.  

Any analyst using instrumental climate data must first assess the quality of the 

observations. A numerical series representing the variations of a climatological 

element is called homogeneous if the variations are caused only by fluctuations in 

weather and climate (Conrad & Pollak, 1962). Leaving aside the misrecording of 

data, the most important causes of inhomogeneity are: 

1) changes in instrument, exposure and measuring technique (for example, when 

more technologically advanced equipment is introduced); 

2) changes in station location (i.e. when equipment is moved to a new site); 



3) changes in observation times and methods used to calculate daily averages; and 

4) changes in the station environment, particularly urbanisation (for example, the 

growth of a city around a pre-existing meteorological station). 

When assessing the homogeneity of a climate record, there are three major sources 

of information: the variations evident in the record itself; the station history; and 

nearby station data. Visual examination and statistical analysis of the station record 

may reveal evidence of systematic changes or unusual behaviour which suggest 

inhomogeneity. For example, there may be a step-change in the mean, indicating a 

change in station location. A steady trend may indicate a progressive change in the 

station environment, such as urbanisation. An extreme value may be due to a 

typing error. 

 

3. Statistical Analysis of Instrumental Records 

Once climate data has been collected and corrected for inhomogeneities, it will 

need to be analysed. The aim of any statistical analysis is to identify systematic 

behaviour in a data set and hence improve understanding of the processes at work 

to compliment the theory. Statistical analysis is a search for a signal in the data that 

can be distinguished from the background noise.  

 

4. Palaeoclimate Reconstruction from Proxy Data 

Climate varies over different time scales, from years to hundreds of millions of 

years, and each periodicity is a manifestation of separate forcing mechanisms. In 

addition, different components of the climate system change and respond to 

forcing factors at different rates; in order to understand the role such components 

play in the evolution of climate it is necessary to have a record considerably longer 

than the time it takes for them to undergo significant changes (Bradley, 1985). 

Palaeoclimatology is the study of climate and climate change prior to the period of 

instrumental measurements.  

Instrumental records span only a tiny fraction (<10-7) of the Earth's climatic 

history and so provide a inadequate perspective on climatic variation and the 



evolution of the climate today and in the future. A longer perspective on climate 

variability can be obtained by the study of natural phenomena which are climate-

dependent. Such phenomena provide a proxy record of the climate. 

Many natural systems are dependent on climate, and from these it may be possible 

to derive palaeoclimatic information from them. By definition, such proxy records 

of climate all contain a climatic signal, but that signal may be weak and embedded 

in a great deal of random (climatic) background noise. In essence, the proxy 

material has acted as a filter, transforming climate conditions in the past into a 

relatively permanent record.  

 

4.1. Historical Records 

Historical records have been used to reconstruct climates dating back several 

thousand years (i.e. for most of the Holocene). Historical proxy data can be 

grouped into three major categories. First, there are observations of weather 

phenomena per se, for example the frequency and timing of frosts or the 

occurrence of snowfall. Secondly, there are records of weather-dependent natural 

or environmental phenomena, termed parameteorological phenomena, such as 

droughts and floods. Finally, there are phenological records of weather-dependent 

biological phenomena, such as the flowering of trees, or the migration of birds. 

Major sources of historical palaeoclimate information include: ancient inscriptions; 

annals and chronicles; government records; estate records; maritime and 

commercial records; diaries and correspondence; scientific or quasi-scientific 

writings; and fragmented early instrumental records. 

 

4.2. Ice Cores 

As snow and ice accumulates on polar and alpine ice caps and sheets, it lays down 

a record of the environmental conditions at the time of its formation. Information 

concerning these conditions can be extracted from ice and snow that has survived 

the summer melt by physical and chemical means. When melting does occur, the 

refreezing of meltwater can provide a measure of the summer conditions.  



Ice cores: Ice cores drilled from deep within ice sheets or glaciers give us our 

longest look back in time—as far back as 800,000 years, so far. Analyses of the 

water molecules, air bubbles, and material such as ash and dust can provide 

information on local temperatures, greenhouse gases, volcanic eruptions, and other 

factors that influence climate. 

Palaeoclimate information has been obtained from ice cores by three main 

approaches . These involve the analysis of:  

a) stable isotopes of water;  

b) dissolved and particulate matter in the firn  and ice;  

and c) the physical characteristics of the firn and ice, and of air bubbles trapped in 

the ice.  

 

4.3. Stable isotope analysis 

The basis for palaeoclimatic interpretations of variations in the stable isotope  

content of water molecules is that the vapour pressure of H216O is higher than that 

of H218O. Evaporation from a water body thus results in a vapour which is poorer 

in 18O than the initial water; conversely, the remaining water is enriched in 18O. 

During condensation, the lower vapour pressure of the H218O ensures that it passes 

more readily into the liquid state than water vapour made up of the lighter oxygen 

isotope (Dansgaard, 1961). During the poleward transportation of water vapour, 

such isotope fractionation continues this preferential removal of the heavier 

isotope, leaving the water vapour increasingly depleted in H218O. Because 

condensation is the result of cooling, the greater the fall in temperature, the lower 

the heavy isotope concentration will be. Isotope concentration in the condensate 

can thus be considered as a function of the temperature at which condensation 

occurs 

4.4. Physical and chemical characteristics of ice cores 

The occurrence of melt features in the upper layers of ice cores are of particular 

palaeoclimatic significance. Such features include horizontal ice lenses and vertical 

ice glands which have resulted from the refreezing of percolating water. They can 



be identified by their deficiency in air bubbles. The relative frequency of melt 

phenomena may be interpreted as an index of maximum summer temperatures or 

of summer warmth in general. Other physical features of ices cores which offer 

information to the palaeoclimatologist include variations in crystal size, air bubble 

fabric and crystallographic axis orientation (Langway, 1970). 

 

4.5. Dating ice cores 

One of the biggest problems in any ice core study is determining the age-depth 

relationship. Many different approaches have been used and it is now clear that 

fairly accurate time scales can be developed for the last 10,000 years. Prior to that, 

there is increasing uncertainty about ice age. The problem lies with the fact that the 

age-depth is highly exponential, and ice flow models (e.g. Dansgaard & Johnson, 

1969) are often needed to determine the ages of the deepest sections of ice cores. 

For example, the upper 1000m of a core may represent 50,000 years, whilst the 

next 50m may span another 100,000 year time period, due to the severe 

compaction, deformation and flow of the ice sheet in question. 

Radio isotope dating , using 210Pb (lead) (Crozaz & Langway, 1966), 32Si 

(silicon), 39Ar (argon) (Oeschger et al., 1977) and 14C (carbon) (Paterson et al., 

1977) have all been used with varying degrees of success, over different time 

scales, to determine the age of ice cores. 

 

4.6. Dendroclimatology 

The study of the annual growth of trees and the consequent assembling of long, 

continuous chronologies for use in dating wood is called dendrochronology. The 

study of the relationships between annual tree growth and climate is called 

dendroclimatology. Dendroclimatology offers a high resolution (annual) form of 

palaeoclimate reconstruction for most of the Holocene. 

Tree rings: Tree ring analysis (dendrochronology) looks at changes in the thickness 

of annual growth rings that are determined by seasonal and climatic variations of 

temperature, precipitation, or both. Dendrochronology is a very useful tool for 



looking at climate over the last 7,000 years or so. For example, tree rings have 

shown poor growth in years when ice cores indicate large volcanic eruptions, 

which shroud the sun and cool the earth. 

The annual growth of a tree is the net result of many complex and interrelated 

biochemical processes. Trees interact directly with the microenvironment of the 

leaf and the root surfaces.  

 

4.7. Ocean Sediments 

Billions of tonnes of sediment accumulate in the ocean basins every year, and this 

may be indicative of climate conditions near the ocean surface or on the adjacent 

continents. Sediments are composed of both biogenic (organic) and terrigenous 

(inorganic) materials. The biogenic component includes the remnants of planktonic 

(surface ocean-dwelling) and benthic (deep-water- or sea floor-dwelling) 

organisms which provide a record of past climate and oceanic circulation. Such 

records may reveal information about past surface water temperatures, salinity, 

dissolved oxygen and nutrient availability. By contrast, the nature and abundance 

of terrigenous materials provides information about continental humidity-aridity 

variations, and the intensities and directions of winds. Ocean sediment records 

have been used to reconstruct palaeoclimate changes over a range of time scales, 

from thousands of years to millions and even tens of millions of years in the past. 

 Coral growth patterns: The growth rate and density of coral skeletons also vary 

with temperature and other environmental conditions, so their growth patterns can 

be analyzed much like tree rings. The chemical composition of the coral in a 

particular ring provides information about sea surface temperatures, salinity, 

runoff, and upwelling. 

 

4.8. Pollen Analysis 

Pollen grains and spores form the basis of another important aspect of 

palaeoclimate reconstruction, generally referred to as pollen analysis, or 

palynology. Where pollen and spores have accumulated over time, a record of the 



past vegetation of an area may be preserved. Often, changes in the vegetation of an 

area may be due to changes of climate. Interpreting past vegetation through pollen 

analysis may therefore offer a form of palaeoclimatic reconstruction. 

Pollen grains and spores are extremely resistant to decay and are produced in huge 

quantities which are distributed widely from their source. A particular genus or 

species of plant may possess unique morphological characteristics to aid the 

reconstruction of past vegetation assemblages. 

 

   

LESSON 4. CLIMATE MODELLING 

Lesson context 

 Introduction 

1. Simplifying the Climate System 

2. Modelling the Climatic Response 

3. The Climate Models 

4.1. Energy Balance Models 

4.2. Radiative-Convective Models 

4.3. General Circulation Models 

4.4. Confidence and Validation 

Introduction 

Climate models attempt to simulate the behaviour of the climate system. The 

ultimate objective is to understand the key physical, chemical and biological 

processes which govern climate. Through understanding the climate system, it is 

possible to: obtain a clearer picture of past climates by comparison with empirical 

observation, and; predict future climate change. Models can be used to simulate 

climate on a variety of spatial and temporal scales. Sometimes one may wish to 

study regional climates; at other times global-scale climate models, which simulate 

the climate of the entire planet, will be desired.  



There are three major sets of processes which must be considered when 

constructing a climate model: 

1) radiative - the transfer of radiation through the climate system (e.g. absorption, 

reflection); 

2) dynamic - the horizontal and vertical transfer of energy (e.g. advection, 

convection, diffusion); 

3) surface process - inclusion of processes involving land/ocean/ice, and the 

effects of albedo, emissivity and surface-atmosphere energy exchanges.  

2. Simplifying the Climate System 

All models must simplify what is a very complex climate system. This is in part 

due to the limited understanding that exists of the climate system, and partly the 

result of computational restraints. Simplification may be achieved in terms of 

spatial dimensionality, space and time resolution, or through parameterisation of 

the processes that are simulated.  

The simplest models are zero order in spatial dimension. The state of the climate 

system is defined by a single global average.  

The time resolution of climate models varies substantially, from minutes to years 

depending on the nature of the models and the problem under investigation. 

Parameterisation involves the inclusion of a process as a simplified (sometimes 

semi-empirical) function rather than an explicit calculation from first principles.  

3. Modelling the Climatic Response 

The ultimate purpose of a model is to identify the likely response of the climate 

system to a change in any of the parameters and processes which control the state 

of the system. The climate response occurs in order to restore equilibrium within 



the climate system. For example, the climate system may be perturbed by the 

radiative forcing associated with an increase in carbon dioxide (a greenhouse gas) 

in the atmosphere. The aim of the model is then to assess how the climate system 

will respond to this perturbation, in an attempt to restore equilibrium. 

The climate sensitivity and the role of feedback are critical parameters whatever 

the model formulation. In the most complex models, the climate sensitivity will be 

calculated explicitly through simulations of the processes involved. In simpler 

models this factor is parameterised by reference to the range of values suggested 

by the more complex models.  

4. The Climate Models 

It is often convenient to regard climate models as belonging to one of four main 

categories: 

1) energy balance models (EBMs); 

2) one dimensional radiative-convective models (RCMs); 

3) two-dimensional statistical-dynamical models (SDMs); 

4) three-dimensional general circulation models (GCMs). 

These models increase in complexity, from first to last, in the degree to which they 

simulate the particular processes and in their temporal and spatial resolution. The 

simplest models permit little interaction between the primary processes, radiation, 

dynamics and surface processes, whereas the most complex models are fully 

interactive. 

4.1. Energy Balance Models 

Energy balance models (EBMs) simulate the two most fundamental processes 

governing the state of the climate: 



a) the global radiation balance (i.e. between incoming solar and outgoing terrestrial 

radiation), and; 

b) the latitudinal (equator-to-pole) energy transfer. 

4.2. Radiative-Convective Models 

Radiative-convective models (RCMs) are 1-D or 2-D, with height the dimension 

that is invariably present. RCMs simulate in detail the transfer of energy through 

the depth of the atmosphere, including: 

a) the radiative transformations that occur as energy is absorbed, emitted and 

scattered, and; 

b) the role of convection, energy transfer via vertical atmospheric motion, in 

maintaining stability. 

RCMs contain detailed information about the radiation streams or energy cascades 

- the fluxes of terrestrial and solar radiation - that occur throughout the depth of the 

atmosphere. By considering parameters such as surface albedo, cloud amount and 

atmospheric turbidity, the heating rates of a number of atmospheric layers are 

calculated, based on the imbalance between the net radiation at the top and bottom 

of each layer. If the calculated vertical temperature profile (lapse rate) exceeds 

some stability criterion (critical lapse rate), convection is assumed to take place 

(i.e. the vertical mixing of air) until the stability criterion is no longer breached.  

4.3. Statistical-Dynamical Models 

Statistical-dynamical models (SDMs) are generally 2-D in form, with usually one 

horizontal and one vertical dimension, though variants with two horizontal 

dimensions have been developed. Standard SDMs combine the horizontal energy 

transfer modelled by EBMs with the radiative-convective approach of RCMs. 

However, the equator-to-pole energy transfer is simulated in a more sophisticated 



manner, based on theoretical and empirical relationships of the cellular flow 

between latitudes. 

Parameters such as wind speed and wind direction are modelled by statistical 

relations whilst the laws of motion are used to obtain a measure of energy diffusion 

as in an EBM. Hence the description statistical-dynamical. They are particular 

useful in investigations of the role of horizontal energy transfer, and the processes 

which disturb that transfer directly. 

4.4. General Circulation Models 

General circulation models (GCMs) represent the most sophisticated attempt to 

simulate the climate system. The 3-D model formulation is based on the 

fundamental laws of physics: 

a) conservation of energy; 

b) conservation of momentum; 

c) conservation of mass, and; 

d) the Ideal Gas Law. 

These are the same physical laws which formed the discussion of the climate 

system in theoretical terms. A series of primitive equations describing these laws 

are solved, resulting in an estimate of the wind field, which is expressed as a 

function of temperature. Processes such as cloud formation are also simulated. 

4.5. Confidence and Validation 

Although climate models should aid understanding in the processes which control 

and perturb the climate, the confidence placed in such models should always be 

questioned. Critically, it should be remembered that all climate models represent a 



simplification of the climate system, a system which indeed may ultimately prove 

to be too complex to model. 

Given that many of the processes which are modelled occur over time scales so 

long that it is impossible to test model results against real-world observations, it is 

also arguable that climate modelling is, in some respects. philosophically suspect. 

Model performance can be tested through the simulations of shorter time scale 

processes but short-term performance may not necessarily reflect long-range 

accuracy. 



Lesson and Seminar 5. Atmospheric lifetime of chemical substances 

 

Lesson context 

1.Average residence time of substances 

2. Categories of removal processes 

2.1. Dry deposition 

2.2. Wet deposition 

3. Air volume substances balance  

4.Calculations of lifetimes 

 

The atmosphere presents two ultimate exits: precipitation and the surface 

of the Earth itself. Species released into the air must sooner or later leave by one 

of these two routes. Atmospheric species removal processes can be conveniently 

grouped into two categories: dry deposition and wet deposition. 

 Dry deposition denotes the direct transfer of species, both gaseous and 

particulate, to the Earth's surface and proceeds without the aid of precipitation.  

Wet deposition, on the other hand, encompasses all processes by which 

airborne species are transferred to the Earth's surface in aqueous form (i.e., rain, 

snow, or fog): (1) dissolution of atmospheric gases in airborne droplets, for 

example, cloud droplets, rain, or fog; (2) removal of atmospheric particles when 

they serve as nuclei for the condensation of atmospheric water to form a cloud or 

fog droplet and are subsequently incorporated in the droplet; and (3) removal of 

atmospheric particles when the particle collides with a droplet both within and 

below clouds.  

This balance must hold from the smallest volume of air all the way up to the entire 

atmosphere. If we let Q denote the total mass of the substance in the volume of air; 

Fin and Fout the mass flow rates of the substance in and out of the air volume, 

respectively; P the rate of introduction of the species from sources; and R the rate 

of removal of the species, then conservation of mass can be expressed 

mathematically as 



 

 

 

If the amount Q of the substance in the volume or reservoir is not changing with 

time, then Q is a constant and dQ/dt = 0. In order for Q to be unchanging, all the 

sources of the substance to the reservoir must be precisely balanced by the sinks of 

the substance. This means that 

 

In such a case steady-state conditions are said to hold. If the volume we are 

referring to is the entire atmosphere, then Fin = 0 and Fout = 0, and for a 

substance at steady-state conditions, its rate of injection from sources must equal 

its rate of removal, P = R. The average residence time or lifetime x, in terms of the 

quantities introduced earlier, is 

 

Since at steady-state conditions R + Fout = P + Fin, the lifetime is also given by 

 

 

If the entire atmosphere is taken as the reservoir, then under steady-state conditions 

 



 

As an illustration of the concept of mean lifetime, consider all sulfur-containing 

compounds in the troposphere.  

If the average mixing ratio of these compounds is 1 part per billion by mass 

(ppbm) and a steady state is assumed to exist, then with the mass of the 

troposphere about 4 × 1021 g, the total mass of sulfur-containing compounds in the 

troposphere is Q = 4 × 1012 g. If natural and anthropogenic sources of sulfur 

contribute to give a total P of about 200 × 1012g yr-1, the mean lifetime of sulfur 

compounds in the troposphere is estimated to be 

 

 

Calculations of lifetimes can be useful in estimating how far from its source 

a species is likely to remain airborne before it is removed from the atmosphere. If 

we consider a particular region of the atmosphere, say, the volume of air over a 

city or the volume of air in the Northern Hemisphere or the entire stratosphere, we 

can define a characteristic mixing time for that volume as the time needed to 

thoroughly mix a chemical in that volume of air. Call the characteristic mixing 

time τM. A reservoir is poorly mixed for a particular species if the characteristic 

mixing time, τM, is not small compared with the species residence time, τ. Note 

that this means that a particular reservoir can be well mixed for some species and 

poorly mixed for others, depending on the residence time of each species. 

Furthermore, as we have seen, the mixing times in the atmosphere are different for 

different directions. For example, as we have noted, the characteristic vertical 

mixing time in the troposphere, the time required to mix a species uniformly from 



the ground up to the tropopause, is about one week; whereas the troposphere's 

horizontal mixing time, the time required to mix a constituent thoroughly around 

the globe in the troposphere, is about one year.  

Thus the troposphere can be considered well mixed for 85Kr, which has a 

residence time of 10 years; but for sulfur compounds, which are estimated to have 

a residence time of about one week, the troposphere is not even well mixed 

vertically. The stratosphere can be considered well mixed vertically only for 

atmospheric species with lifetimes substantially exceeding 50 years.  

In fact, one of the only examples of such a long-lived species is He, which 

has its source at the Earth's surface and its sink as escape through the very top of 

the atmosphere into space. Thus the stratosphere is poorly mixed vertically for 

essentially all atmospheric trace constituents. 



CONTENT MODULE 2. CHEMISTRY OF THE UNPOLLUTED AND 

POLLUTED TROPOSPHERE, STRATOSPHERE AND GLOBAL 

CIRCULATION 

Lesson and Seminar 6. Atmospheric circulation impact  on transport of 

chemichal substances 

Lesson context  

1.Causes of Global Atmospheric Circulation 

2. Features of global distribution of solar radiation 

3. Annual global distribution of solar radiation (Kcal/cm2)  

4. Latitudinal Variation of the Radiation Balance  

5. Intertropical convergence zone (ITCZ) 

6. Horizontal pressure differences causes winds  

7. Hypothetical circulation for a non-rotating Earth 

8. Rotating Earth- Coriolis Force  

12. Idealised global circulation 

13. Three main cells of global circulation 

14. Surface Features of the Global Atmospheric Circulation System 

15. Pressure belts of the three-cell circulation model 

16. Global Atmospheric Circulation 

17. Local circulation 

21. Different ranges of pollution’s transport 

22. Scale of horizontal transport of air masses 

23. Scale of vertical transport of air masses 

24. Stratospheric Circulation: the Big Picture 



25. Ozone Source Region  

26. Seasonal Hemispheric Differences in Methane Distribution  

27. Long-range transport of air pollution:Export from North America 

28. Long-range transport of air pollution:Import into Europe 

29. Interannual variability in transport 

     30. Conceptual picture of major transport pathways 

1. Two types of circulation : Global + Local 

2.Causes of Global Atmospheric Circulation 

- Features of global  distribution of solar  radiation  

 - Earth rotation 

3. Features of global distribution of solar radiation 

• Energy from the Sun heats the entire Earth, but this heat is unevenly 

distributed across the Earth's surface. Equatorial and tropical regions receive 

far more solar energy than the midlatitudes and the polar regions.  

• The tropics receive more heat radiation than they emit, while the polar 

regions emit more heat radiation than they receive. If no heat was transferred 

from the tropics to the polar regions, the tropics would get hotter and hotter 

while the poles would get colder and colder. This latitudinal heat 

imbalance drives the circulation of the atmosphere and oceans.  Around 60% 

of the heat energy is redistributed around the planet by the atmospheric 

circulation and around 40% is redistributed by the ocean currents. 

 

4. Annual global distribution of solar radiation (Kcal/cm2)  

Insolation maxima are found in the tropical and subtropical deserts of the 

earth. Here, high sun angles and a lack of cloud cover in desert regions allow much 

solar radiation to the surface. Insolation decreases to a minimum at the poles where 



low sun angles and  the Sun doesn't rise above the horizon nearly half the year 

reduces annual insolation.   

5. Latitudinal Variation of the Radiation Balance  

В тропосфері в тропічних (0-30°) і субтропічних (30-40°) широтах 

накопичується завдяки сонячному випромінюванню більше енергії, ніж 

віддається назовні внаслідок земного теплового випромінювання  

• Figure illustrates the latitudinal distribution of incoming solar radiation and 

outgoing terrestrial radiation.  From approximately 35o N to 35o S latitude 

(the red area of the graph) there is a surplus of energy as incoming radiation 

exceeds outgoing. The blue regions indicate that there is more outgoing 

energy than incoming, yielding a net loss of energy from the Earth's surface. 

One might ask then why the middle to higher latitudes aren't getting colder 

through time as a result of the net loss, and the subtropical to equatorial 

regions getting constantly hotter due to the net gain. The reason is that the 

energy is redistributed by circulation of the atmosphere and oceans. Heat 

gained in the tropics is transported poleward by the global circulation of air 

and warm ocean currents to heat higher latitude regions. Cooler air from the 

higher latitudes and cold ocean currents push equatorward to cool the lower 

latitudes. This process of redistributing energy in the Earth system helps 

maintain a long-term energy balance.  

6. Intertropical convergence zone (ITCZ) 

7. Циркуляція повітряних мас між тропіками і субтропіками 

(конвергенція і дивергенція) 

8. Sun energy – air pressure – air movement system 

• Energy from the Sun heats different parts of the Earth differently and this 

causes pressure differences to develop across the globe.  These pressure 

differences cause air to move.  The air moves from regions of high pressure 

to regions of low pressure to try to smooth out the pressure differences.  



 

9. Horizontal pressure differences causes winds  

We know that winds are generated by differences in air pressure.  The 

greater the difference in pressure, the stronger the force.  The distance between 

the area of high pressure and the area of low pressure also determines how fast 

the moving air is accelerated. Meteorologists refer to the force that starts the 

wind flowing as the "pressure gradient force".  

In absence of other forces, air moves from high to low pressure due to the 

"Pressure Gradient Force" 

 10. Hypothetical circulation for a non-rotating Earth 

One way to transfer heat from the equator to the poles would be to have a single 

circulation cell where air moved from the tropics to the poles and 

back.  This single-cell circulation model was first proposed by Hadley in the 

1700’s.  

2. Air circulation around the globe would be simple (and the weather boring) if the 

Earth did not rotate and the rotation was not tilted relative to the Sun. 

3. Hypothetical circulation for a non-rotating Earth.  Source: National Weather 

Service, Southern Regional Headquarters - USA. 

11. Rotating Earth- Coriolis Force  

Once the wind begins blowing, the rotation of the Earth affects its direction. This is 

the Coriolis effect. 

The Corolis effect results in the deflection of all objects to the right in the Northern 

hemisphere and to the left in the Southern hemisphere. The Coriolis force moves 

large objects such as airmasses considerable distances.   Small objects, for example 

ships at sea, are too small to experience significant deflections in their direction 

due to the Coriolis Force. 



12. Idealised global circulation 

Since the Earth rotates, its axis is tilted and there is more land in the 

Northern Hemisphere than in the Southern Hemisphere, the actual global air 

circulation pattern is much more complicated. Instead of a single-cell circulation, 

the global model consists of three circulation cells in each hemisphere. These three 

cells are known as the tropical cell (also called the Hadley cell (between the 

equator and 30°N and 30°S ), the midlatitude cell and the polar cell.  

 

13. Three main cells of global circulation 

Tropical cell (Hadley cell) - Low latitude air moves towards the Equator and heats 

up.  As it heats it rises vertically and moves polewards in the upper atmosphere. 

This forms a convection cell that dominates tropical and sub-tropical climates.  

 Midlatitude cell (Ferrel cell) - A mid-latitude mean atmospheric circulation cell 

for weather named by Ferrel in the 19th century. In this cell the air flows 

polewards and towards the east near the surface and equatorward and in a westerly 

direction at higher levels.  

Polar cell - Here air rises, spreads out and travels toward the poles. Once over the 

poles, the air sinks forming the polar highs. At the surface, the air spreads out from 

the polar highs. Surface winds in the polar cell are easterly (polar easterlies).  

Although still oversimplified, this three cell model can describe the main features 

of atmospheric circulation. 

14. Surface Features of the Global Atmospheric Circulation System 

Main wind belts: 

Because the Coriolis force acts to the right of the flow (in the Northern 

Hemisphere), the flow around the 3-cells is deflected.  This gives rise to the three 

main wind belts in each hemisphere at the surface: 

· The easterly trade winds in the tropics 



· The prevailing westerlies 

· The polar easterlies 

Doldrums, ITCZ: 

The doldrums are the region near the equator where the trade winds from each 

hemisphere meet. This is also where you find the intertropical convergence zone 

(ITCZ).  It is characterized by hot, humid weather with light winds.  Major tropical 

rain forests are found in this zone. The ITCZ migrates north in January and south 

in July. 

Horse latitudes: 

The horse latitudes are the region between the trade winds and the prevailing 

westerlies.  In this region the winds are often light or calm, and were so-named 

because ships would often have to throw their horses overboard due to lack of feed 

and water. 

Polar front: 

The polar front lies between the polar easterlies and the prevailing westerlies. 

 FIG 6. Global Circulation.  Source: http://www.geocities.com 

/CapeCanaveral/Hall/6104/atmosphe.html 

 

15. Pressure belts of the three-cell circulation model 

 Equatorial belt of low pressure (ITCZ).  Warm air heated at the equator rises up 

into the atmosphere.  As the air rises, clouds and rain form. 

· Subtropical belt of high pressure –associated with sinking air in the horse 

latitudes.  Air cools and descends in the subtropics creating areas of high pressure 

with associated clear skies and low rainfall.  The descending air is warm and dry 

and deserts form in these regions. 

· Subpolar belt of low pressure –associated with the polar front. 

· Polar belt of  high  pressure – associated with the cold, dense air of the polar 

regions. 



16. Global Atmospheric Circulation 

There are three main reasons for this: 

· The surface of the Earth is not uniform or smooth.  There is uneven heating due 

to land/water contrasts. 

· The wind flow itself can become unstable and generate “eddies.” 

· The sun doesn’t remain over the equator, but moves from 23.5 oN to 23.5 oS and 

back over the course of a year. 

Instead, there are semi-permanent high- and low-pressure systems.  They are semi-

permanent because they vary in strength or position throughout the year. 

Wintertime 

· Polar highs develop over Siberia and Canada 

· The Pacific High, Azores High (parts of the subtropical high pressure system) 

Aleutian Low and Icelandic Low form 

Summertime 

· The Azores high migrates westward and intensifies to become the Bermuda High 

· The Pacific high also moves westward and intensifies 

· Polar highs are replaced by low pressure 

· A low pressure region forms over southern Asia 

  

Further reading: 

http://snowball.millersville.edu/  

http://www.tesag.jcu.edu.au/ 

http://bss.sfsu.edu:224/  

http://www.auf.asn.au/meteorology/ 

 17. Local circulation 

• Air movement occurs on different scales, on a global scale (global 

circulation of the Earth), over a medium scale (tornadoes) and on a local 

scale (mountain winds).  



 In some zones around the Earth, the winds blow predominantly in one direction 

and this is known as the prevailing wind direction.  This direction can change with 

the seasons.  Winds over most areas are variable in direction from day to day.   A 

wind is named according to the point of the compass from which it blows, i.e., a 

wind blowing from the north is a north wind. 

18. Local circulation 

19. Day periodical winds 

 

20. Other physical mechanisms of distribution chemical substances in 

atmosphere 

• Gravity    — this causes vertical pressure differences.  The force of gravity is 

constant for a given altitude. 

• Friction  -  affects boundary atmospheric layer(usually 1-2 km above the 

ground).  

• Centrifugal Force depends on the mass of the object (the heavier the object, 

the greater the force), the speed of rotation (the greater the speed of the 

object, the greater the force), and the distance from the center (the closer an 

object is to the center, the smaller the force).    

21. Different ranges of pollution’s transport 

Transport of Pollution occurs on different scales, on a global scale (global 

circulation of the Earth), over a medium scale  and on a local scale.  

22. Scale of horizontal transport of air masses 

Typical time scales for the horizontal transport of air masses in the troposphere. 

The fastest way to travel is along latitudes, so it only takes a few weeks for air 

to circumnavigate the earth. Transport along longitudes is slower, and air at 

mid-latitudes takes one to two months to exchange with polar or tropical air. 

The interhemispheric transport is even slower because of the inner-tropical 



convergence zone, which acts as a barrier, so that the typical exchange time for 

air between the northern and southern hemisphere is around one year. 

 

23. Scale of vertical transport of air masses 

Typical scale of vertical transport of air masses. The typical mixing time within 

the planetary boundary layer is 1-2 days, for the layer from the planet's surface 

to the middle troposphere about 1 week and for the general troposphere - to the 

tropopause about 1 month. Air circulation between the troposphere and 

stratosphere is much slower. Tropospheric air takes an average of about 5-10 

years to reach the stratosphere, and stratospheric air takes 1-2 years to reach the 

troposphere 

24. Stratospheric Circulation 

In order to get a simplified view of this large scale circulation in the 

stratosphere, it is useful to look at transport processes in a zonally averaged 

sense, that is, averaged around a latitude circle. Zonally averaged circulation in 

the middle atmosphere superimposed on top of an annual average ozone density 

(in Dobson Units per kilometer). This circulation is what we call the Brewer-

Dobson circulation. It is depicted by the black arrows.  

25. Ozone Source Region  

 Air in the troposphere has relatively low ozone concentrations, except in highly 

polluted urban environments. Even polluted regions are relatively low when 

compared to stratospheric levels. As this "ozone clean" air moves slowly 

upward in the tropical stratosphere, ozone is being created by the slow 

photochemical production caused by the interaction of solar UV radiation and 

molecular oxygen. 

Ozone is created in this region because it is here that the Sun, positioned high 

overhead during the day all year long, is most intense. There is enough of the 

necessary sufficiently energetic UV light to split apart molecular oxygen, O2, 



and form ozone (see Chapters 1 and 5 for discussion of ozone production). It 

typically takes more than 6 months for air at 16 km (near the tropical 

tropopause) to rise up to about 27 km. 

Even though ozone production is small and slow in the lower tropical 

stratosphere, the slow lifting circulation allows enough time for ozone to build-

up. Ozone density maximum up near 27 km. It is this that is commonly referred 

to as the "ozone layer". 

26. Seasonal Hemispheric Differences in Methane Distribution  

-- This overall pattern of upward mass transport in the tropics and downward 

transport in the extratropics due to the Brewer-Dobson circulation cell is 

reflected in long-lived tracers such as methane (CH4). Methane has its source 

region in the troposphere, and is lost in the stratosphere by a reaction with OH 

molecules and oxygen atoms (thus, it has a distribution opposite to ozone). Like 

with ozone density, the contours of methane density are displaced upward in the 

tropics and downward at higher latitudes, reflecting the influence of the 

Brewer-Dobson circulation as shown by the arrows. The ascending branch of 

the Brewer-Dobson circulation carries high-methane air from the tropical lower 

troposphere into the tropical stratosphere, while the descending branch of the 

Brewer-Dobson circulation carries low-methane air from the polar upper 

stratosphere into the polar lower troposphere. 

The downward circulation is greater in the winter northern hemisphere than in 

the winter southern hemisphere, and so the amounts of CH4 are greater in the 

Arctic than the Antarctic. This is because stronger wave activity in the northern 

hemisphere results in more meridional mixing of air from lower latitudes into 

the Arctic than into the Antarctic. Air descending into the Arctic lower 

stratosphere has undergone mixing with higher methane air from the northern 

middle latitudes stratosphere. By contrast, weaker wave activity in the southern 

hemisphere results in less meridional mixing. Air descending into the Antarctic 

lower stratosphere is mostly undiluted lower methane mesospheric air carried 



down by the descending branch of the Brewer-Dobson circulation. The result is 

lower wintertime CH4 concentration in the Antarctic than in the Arctic. 

27. Long-range transport of air pollution:Export from North America 

28. Long-range transport of air pollution:Import into Europe 

29. Interannual variability in transport 

Changes in transport pathways lead to significantly different trace gas 

concentrations. 

Direct effect: different pathway from emission sources to receptor region 

Indirect effect: north-south shift/vertical transport  different chemistry 

(temperature, radiation, humidity 

     30. Conceptual picture of major transport pathways 

31. Biomass burning emissions 

• Significant emission source for many trace gases (and aerosol) 

• Large interannual variability in distribution and magnitude 

• Competition between man-made and natural fires 

• Fire characteristics ecosystem dependent 

• Ecosystems respond to fire 

• Impact of climate change 

 

32. Impacts of Russian biomass burning on UK air quality Claire Witham, 

Alistair Manning Met Office, FitzRoy Road, Exeter EX1 3PB, UK 

Reccommended link for self preparation 

http://www.ux1.eiu.edu/~cfjps/1400/circulation.html 

 

 

 

http://www.ux1.eiu.edu/~cfjps/1400/circulation.html


 

 

 

 

 

 

Lesson and Seminar 7. Spatial and temporal scales of atmospheric processes  

 

The atmosphere is in reality a dynamic system, with its gaseous constituents 

continuously being exchanged with vegetation, the oceans, and biological 

organisms.  

The so-called cycles of the atmospheric gases involve a number of physical 

and chemical processes.  

The average lifetime of a gas molecule introduced into the atmosphere can 

range from seconds to millions of years, depending on the effectiveness of the 

removal processes. Most of the species considered air pollutants (in a region in 

which their concentrations exceed substantially the normal background levels) 

have natural as well as man-made sources.  

While in the air, a substance can be chemically altered in one of two ways. 

First, the sunlight itself may contain sufficient energy to break the molecule apart, 

a so-called photochemical reaction. The atmosphere can be likened to an enormous 

chemical reactor in which a myriad of species are continually being introduced and 

removed over a vast array of spatial and temporal scales. The atmosphere itself 

presents a range of spatial scales in its motions that spans eight orders of 

magnitude (Figure 1.). The scales of motion in the atmosphere vary from tiny 

eddies of a centimeter or less in size to huge airmass movements of continental 

dimensions. 

 

 



 

FIGURE 1. Spatial and temporal scales of variability for atmospheric 

constituents. 

Four rough categories have proved convenient to classify atmospheric scales 

of motion:  

1. Microscale. Phenomena occurring on scales of the order of 0-100 m, such 

as the meandering and dispersion of a chimney plume and the complicated flow 

regime in the wake of a large building.  

2. Mesoscale. Phenomena occurring on scales of tens to hundreds of 

kilometers, such as land-sea breezes, mountain-valley winds, and migratory high- 

and low-pressure fronts.  

3. Synoptic Scale. Motions of whole weather systems, on scales of hundreds 

to thousands of kilometers.  

4. Global Scale. Phenomena occurring on scales exceeding 5 × 10
3
 km.  

 

Spatial scales characteristic of various atmospheric chemical phenomena are 

given in Table 1.1. Many of the phenomena in Table 1.1 overlap; for example, 

there is more or less of a continuum between (1) urban and regional air pollution, 

(2) the aerosol haze associated with regional air pollution and aerosol-climate 



interactions, (3) greenhouse gas increases and stratospheric ozone depletion, and 

(4) tropospheric oxidative capacity and stratospheric ozone depletion.  

 

 

The lifetime of a species is the average time that a molecule of that species 

resides in the atmosphere before removal (chemical transformation to another 

species counts as removal).  

Atmospheric lifetimes vary from less than a second for the most reactive free 

radicals to many years for the most stable molecules. Associated with each species 

is a characteristic spatial transport scale; species with very short lifetimes have 

comparably small characteristic spatial scales while those with lifetimes of years 

have a characteristic spatial scale equal to that of the entire atmosphere. With a 

lifetime of less than 0.01 s, the hydroxyl radical (OH) has a spatial transport scale 

of only about 1 cm. Methane (CH4), on the other hand, with its lifetime of about 10 

years, can become more or less uniformly mixed over the entire Earth. The spatial 

scales of the various atmospheric chemical phenomena shown above result from an 

intricate coupling between the chemical lifetimes of the principal species and the 

atmosphere's scales of motion. Much of this book will be devoted to understanding 

the exquisite interactions between chemical and transport processes in the 

atmosphere. 

 

 
Units of Atmospheric Emission Rates and Fluxes 

 Fluxes of species into the atmosphere are usually expressed on an annual basis, using the prefixes given in Table A.5. 

A common unit used is teragrams per year, Tg yr-1 (1 Tg = 1012g). An alternative is to employ the metric ton (1t = 

106 g = 103 kg). Carbon dioxide fluxes are often expressed as multiples of gigatons, Gt (1 Gt = 109 t = 1015 g= 1 

Pg). 
 



 

Recommended Literature for self-preparation 

Bentley, C. R. (1997) Rapid sea-level rise soon from West Antarctica Ice 

Sheet collapse? Science 275, 1077-1078. Holton, J. R., Haynes, P. H., McIntyre, 

M. E., Douglass, A. R., Rood, R. B., and Pfister, L. (1995) Stratosphere-

troposphere exchange, Rev. Geophys. 33, 403-439. Intergovernmental Panel on 

Climate Change (IPCC) (2001) Climate Change 2001: The Scientific Basis, 

Cambridge Univ. Press, Cambridge, UK. Kasting, J. F. (2001) The rise of 

atmospheric oxygen, Science 293, 819-820. Meehl, G. A., and Tebaldi, C. (2004) 

More intense, more frequent, and longer lasting heat waves in the 21st Century, 

Science 305, 994-997. Trenberth, K. E., and Smith, L. (2005) The mass of the 

atmosphere: A constraint on global analyses, J. Climate 18, 864-875. Walker, J. C. 

G. (1977) Evolution of the Atmosphere, Macmillan, New York. 

 



Lesson 8. Trace gases in atmosphere 

 

Lesson context 

1. Trace gases in chemical composition of atmosphere 

2. What has contributed to the increased amount of greenhouse gases in the 

atmosphere today? 

3. CO2 in the atmosphere 

4. How have global CO2 emissions changed over time? 

5. Per capita CO2 emissions 

6. Share of global CO2 emissions by country 

7. Methan 

8. Carbon monoxide 

9. Chlorofluorocarbons (CFCs)  

 

Trace gases in chemical composition of atmosphere 

Nitrogen (78%) and oxygen (21%) are the two most abundant gases. 

Earth's atmosphere has changed and evolved over long periods of geological time. 

Nitrogen was originally derived from volcanic eruption around 4 billion years ago. 

Oxygen on the other hand, was derived almost entirely from plant photosynthesis 

and this did not happen until about 2.5 billion years ago. 

Small amounts of trace gases are also found in  the atmosphere. However, CO2 as a 

trace gas is increasing rapidly from human burning of fossil fuels and burning 

forests and is contributing to global climate change. Methane and nitrous oxide are 

other powerful greenhouse gases that are also increasing due to human activities. 



 

Other greenhouse gases (table) 

 

 

What has contributed to the increased amount of greenhouse gases in the 

atmosphere today? 

It depends on which greenhouse gas you are referring too. 

Climate change is one of the world’s most pressing challenges. Human 

emissions of greenhouse gases – carbon dioxide (CO2), nitrous oxide, methane, 

and others – have increased global temperatures by around 1℃ since pre-industrial 

times. 

A changing climate has a range of potential ecological, physical and health 

impacts, including extreme weather events (such as floods, droughts, storms, and 

heatwaves); sea-level rise; altered crop growth; and disrupted water systems. The 

most extensive source of analysis on the potential impacts of climatic change can 

be found in the 5th Intergovernmental Panel on Climate Change (IPCC) report. 

To mitigate climate change, UN member parties have set a target, in the Paris 

Agreement, of limiting average warming to 2℃ above pre-industrial temperatures. 



To set the scene, let’s look at how the planet has warmed. In the chart we see the 

global average temperature relative to the average of the period between 1961 and 

1990. 

The red line represents the average annual temperature trend through time, with 

upper and lower confidence intervals shown in light grey. 

We see that over the last few decades, global temperatures have risen sharply — to 

approximately 0.7℃ higher than our 1961-1990 baseline. When extended back to 

1850, we see that temperatures then were a further 0.4℃ colder than they were in 

our baseline. Overall, this would amount to an average temperature rise of 1.1℃. 

Because there are small year-to-year fluctuations in temperature, the specific 

temperature increase depends on what year we assume to be ‘pre-industrial’ and 

the end year we’re measuring from. But overall, this temperature rise is in the 

range of 1 to 1.2℃. 

In this chart you can also view these changes by hemisphere (North and South), as 

well as the tropics (defined as 30 degrees above and below the equator). This 

shows us that the temperature increase in the North Hemisphere is higher, at closer 

to 1.4℃ since 1850, and less in the Southern Hemisphere (closer to 0.8℃). 

Evidence suggests that this distribution is strongly related to ocean circulation 

patterns (notably the North Atlantic Oscillation) which has resulted in greater 

warming in the northern hemisphere.  

 

Per capita CO2 emissions 

Where in the world does the average person emit the most carbon dioxide 

(CO2) each year? 

We can calculate the contribution of the average citizen of each country by 

dividing its total emissions by its population. This gives us CO2 emissions per 

capita. In the visualization (fig.3) we see the differences in per capita emissions 

across the world.  



 

Here we look at production-based emissions – that is, emissions produced within a 

country’s boundaries without accounting for how goods are traded across the 

world. In our post on consumption-based emissions we look at how these figures 

change when we account for trade. Production figures matter – these are the 

numbers that are taken into account for climate targets7 – and thanks to historical 

reconstructions they are available for the entire world since the mid 18th century. 

There are very large inequalities in per capita emissions across the world.  

The world’s largest per capita CO2 emitters are the major oil producing 

countries; this is particularly true for those with relatively low population size. 

Most are in the Middle East: In 2017 Qatar had the highest emissions at 49 tonnes 

(t) per person, followed by Trinidad and Tobago (30t); Kuwait (25t); United Arab 

Emirates (25t); Brunei (24t); Bahrain (23t) and Saudi Arabia (19t). 

However, many of the major oil producers have a relatively small population 

meaning their total annual emissions are low. More populous countries with some 

of the highest per capita emissions – and therefore high total emissions – are the 

United States, Australia, and Canada. Australia has an average per capita footprint 

of 17 tonnes, followed by the US at 16.2 tonnes, and Canada at 15.6 tonnes. 

This is more than 3 times higher than the global average, which in 2017 was 

4.8 tonnes per person. 



 Since there is such a strong relationship between income and per capita CO2 

emissions, we’d expect this to be the case: that countries with high standards of 

living would have a high carbon footprint. But what becomes clear is that there can 

be large differences in per capita emissions, even between countries with similar 

standards of living. Many countries across Europe, for example, have much lower 

emissions than the US, Canada or Australia.  

In fact, some European countries have emissions not far from the global 

average: In 2017 emissions in Portugal are 5.3 tonnes; 5.5t in France; and 5.8t per 

person in the UK. This is also much lower than some of their neighbours with 

similar standards of living, such as Germany, the Netherlands, or Belgium. The 

choice of energy sources plays a key role here: in the UK, Portugal and France, a 

much higher share of electricity is produced from nuclear and renewable sources – 

you can explore this electricity mix by country here. This means a much lower 

share of electricity is produced from fossil fuels: in 2015, only 6% of France’s 

electricity came from fossil fuels, compared to 55% in Germany. 

Prosperity is a primary driver of CO2 emissions, but clearly policy and 

technological choices make a difference.  

Many countries in the world still have very low per capita CO2 emissions. In many 

of the poorest countries in Sub-Saharan Africa – such as Chad, Niger and the 

Central African Republic – the average footprint is around 0.1 tonnes per year. 

That’s more than 160 times lower than the USA, Australia and Canada. In just 2.3 

days the average American or Australian emits as much as the average Malian or 

Nigerien in a year.  
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https://www.ipcc.ch/report/ar5/syr/
https://ourworldindata.org/co2-and-other-greenhouse-gas-emissions#temperature-increase
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ANNEX 1 Global warming potential of GHG 

https://www.ipcc.ch/site/assets/uploads/2018/03/TAR-06.pdf 
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Lesson and Seminar 9. Green house effect 

The greenhouse effect is where solar energy enters the atmosphere and is 

prevented from leaving by certain gases that work the same way that glass on a 

greenhouse does. 

Explanation: 

The energy from the sun enters the atmosphere as short wave radiation. Radiation 

in this form passes through gases like carbon dioxide as if it was not there. This 

radiation reaches the ground and is absorbed, which heats up the ground. 

Heat you can feel is long wave radiation. The ground releases this long wave 

radiation back into the atmosphere which is what actually heats it (you thought the 

sun did?). The trouble is this long wave radiation does not pass through carbon 

dioxide as if it is not there. The carbon dioxide traps this heat. 

In order for the Earth to maintain a constant temperature, it has to release as much 

energy as it receives from the Sun. This is called the Solar Balance and it looks like 

this: 

 

 

Fig. 9.1. Solar Balance 



The yellow numbers represent short wave radiation and the red ones long wave. If 

you add up all the outgoing radiation numbers you will see the add up to 100% . 

If you look close to the middle of the page you will see the number 6. That 

represents the amount of heat retained by greenhouse gases. Now if that number 

increase, to say 7, because the amount of greenhouse gas increases then the 9 at the 

top becomes 8. That means that we need to release 1 more long wave radiation 

before we are in balance again. What happens is the atmosphere heats up (global 

warming) and the 20 at the top becomes 21 (atmosphere releases more heat after it 

get warmer). 

Figure 9.2. shows a way to view the greenhouse effect. The mean atmospheric 

temperature profile is shown starting from the current mean surface temperature of 

288 K. If we assume a global average rate of decrease of temperature with height 

of 5.5 K km-1, the temperature of 255 K, the blackbody temperature corresponding 

to the mean emitted  

 

 

FIGURE 9.2. Greenhouse effect.  

Doubling CO2 increases infrared absorption, raising by about 200 m the mean level 

from which thermal energy escapes to space. Because it is colder, the higher up 

one goes in the troposphere, the energy emitted to space is temporarily reduced and 

the Earth radiates less energy than it absorbs. The surface temperature must rise by 



1.2 K to restore the energy balance, if the temperature gradient and other factors 

are held constant. 

Explanation 2. 

The increased emissions of greenhouse gases, imbalances the energy budget 

between the Earth and Sun. 

Greenhouse gases allow sunlight to pass through them but prevent heat from 

passing through them. This has been explained many times already here so I am 

not going to explain that again. 

This is how the energy budget between the Earth and Sun looks. 

 

 

Notice that the incoming solar energy is 100%. If you add the 6% reflected by the 

atmosphere (oddly enough this greenhouse gases preventing radiation in the 

infrared or heat spectrum from entering the system), 20 % reflected by clouds, 4% 

reflected by the Earth's surface, 64% radiated from clouds and atmosphere and the 

6% radiated directly from the Earth you will get 100%. This is balanced then. 

If you look at the 15% that is absorbed by water vapor and carbon dioxide. That 

amount is actually what is absorbed by greenhouse gases (carbon dioxide and 

water vapor are the most abundant greenhouse gases by far). If that number 



increased to say 16%, the the amount radiated directly from the Earth would drop 

for 6% to 5%, and we would no longer have a balance. 

In order to get back into balance then the surface of the Earth has to warm up. If 

the Earth is warmer then the 7% sensible heat (heat you can feel) can increase to 

8%, and then the outgoing radiation 

will once again equal 100%. 

 

Additional teaching ressources  

1. Socratic Q&A. Earth Science. Available from: 

https://socratic.org/questions/what-has-contributed-to-the-increased-amount-

of-greenhouse-gases-in-the-atmosphe 

2. Video “What is green house effect”. Available from: 

https://www.youtube.com/watch?v=BPJJM_hCFj0 

3. https://www.nrdc.org/stories/greenhouse-effect-101#gases 
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Lesson and Seminar 10. Proceses in the troposphere. 

1. Oxidation in the atmosphere 

 Many chemical compounds are emitted into the atmosphere but removal processes 

prevent them accumulating in the air. Species are removed by dry deposition of 

gases or particles or can be incorporated into rain and removed by wet deposition. 

For gas phase organic chemicals, removal is easiest if they are first oxidised to a 

less volatile, water soluble form. 

Oxidation in a chemical sense does not necessarily mean a reaction with oxygen 

containing compounds, it is rather the loss of electrons. However, in the air, 

oxidation does generally involve the reaction of a chemical species with an oxygen 

containing compound. The three most important oxidising species in the air are:  

the hydroxyl radical OH  

the nitrate radical NO3  

the ozone molecule O3 

 Hydroperoxy radicals (HO2) are also important and the sum of HO2 and OH is 

sometimes referred to as HOx. The most important oxidising species is the 

hydroxyl radical (OH). It is extremely reactive and able to oxidise most of the 

chemicals found in the troposphere. 

  

2.Chemistry of the Hydroxyl Radical (OH) in the Troposphere 

The hydroxyl radical, •OH, is the neutral form of the hydroxide ion (OH−).  

Hydroxyl radicals are highly reactive (easily becoming hydroxy groups) and 

consequently short-lived; however, they form an important part of radical 

chemistry. 

    

 



The hydroxyl •OH radical is one of the main chemical species controlling the 

oxidizing capacity of the global Earth atmosphere. This oxidizing reactive species 

has a major impact on the concentrations and distribution of greenhouse gases and 

pollutants in the Earth atmosphere. 

The hydroxyl radical is therefore known as the 'detergent of the atmosphere'. 

Only a few compounds in the troposphere do not react at all or react only very 

slowly with the hydroxyl radical. These include the chlorofluorocarbons (CFC's), 

nitrous oxide (N2O) and carbon dioxide (CO2). The rate of methane (CH4) 

oxidation by OH is also very slow, between 100 and 1000 times slower than other 

organic compounds. This is why methane concentrations in the atmosphere can 

reach around 1.7 ppm (1.7 µmol mol-1), a value significantly higher than the 

concentrations of other organic trace gas concentrations present which are 

generally below 1 ppb (1 nmol mol-1) *. 

The hydroxyl radical (OH) is the major chemical scavenger in the troposphere and 

it controls the atmospheric lifetime of most gases in the troposphere. The 

atmospheric lifetime, t, of any gas, xi, that reacts with the OH radical is given by 

the following expression t=1/k[OH] where k is the kinetic reaction rate for the 

reaction between OH and xi and [OH] is the concentration of the OH radical 

(molecules cm−3). 

The concentration of the OH radical is controlled by the balance between its 

chemical production and destruction.  

The OH radical is formed by the reaction of excited atomic oxygen (O(1D)) with 

water vapor 

Tropospheric excited atomic oxygen (O(1D)) is produced by the photolysis of O3. 

In the troposphere, this photolysis reaction occurs over a very narrow spectral 

interval, between 290 nm and 310 nm. The production of excited atomic oxygen 

decreases as the latitude increases, i.e., less incoming solar radiation for photolysis 

is available. The bulk of the water vapor in the atmosphere resides in the 



troposphere. The amount of H2O in the atmosphere is controlled by the saturation 

vapor pressure, which decreases with decreasing atmospheric temperature, i.e., as 

altitude or latitude increases. 

The OH radical is destroyed via its reactions with CO and CH4, both important 

products of biomass burning: 

 Formation of OH: More than 97% of the O atoms which are formed by photolysis 

of ozone, react back again to ozone.  

 Less than 3% start the formation of the most important radical in the atmosphere, 

OH. If two molecules or atoms collide to form a product, a third species M is 

needed to take away some excess energy. M (usually nitrogen N2) does not react 

itself. 

How is OH formed? OH governs atmospheric chemistry during the day since its 

formation depends on radiation from the Sun. The initial reaction (shown above) 

involves the breakdown (photolysis) of ozone by solar radiation with wavelengths 

less than 310 nm. The oxygen atom (O) formed then reacts with water to form OH. 

This reaction mechanism is why a small amount of ozone is essential in the 

troposphere. Other sources of OH are: the photolysis of nitrous acid (HONO), 

hydrogen peroxide (H2O2) or peroxy-methane (CH3OOH) the reaction of nitrogen 

monoxide (NO) with the hydroperoxy radical (HO2) or the reaction of alkenes 

with ozone. The scheme on the left shows how OH chemistry is fundamentally 

linked with the day-time reaction cycles of the nitrogen oxides. 

How much OH is formed?  

Since OH is an extremely reactive radical it reacts as soon as it is formed. It's 

lifetime is less than a second. This means the concentration is extremely low, in the 

range of 1x10
5
 to 2x10

7
 molecules cm

-3
. At sea level pressure this is equivalent to a 

mixing ratio of 0.01 - 1 ppt. Since it's formation depends on water vapour, the 

concentration of OH tends to decrease with altitude as the air becomes cooler and 

drier. Hydroxyl radical concentrations not only decrease with altitude but also 



decrease with latitude since both the water vapour concentrations and sunlight 

intensity decrease as you move towards the poles. 

 

How does OH react? The figure on the right shows low levels of OH near the 

ground over the tropical rainforest. Why is this the case? Plants emit organic gases 

with isoprene being the most abundant. This isoprene reacts with OH, removing it 

from the air, and forming water and a reactive organic radical (R). OH has a strong 

tendancy to remove (abstract) a hydrogen atom from organic species (RH) 

whenever possible. The organic radical (R) then reacts with oxygen (O2) to form 

organic peroxides (RO2). These compounds are an essential part of the ozone 

formation cycle. 

On a global scale, OH reacts primarily with carbon monoxide (40%) to form 

carbon dioxide. Around 30% of the OH produced is removed from the atmosphere 

in reactions with organic compounds and 15% reacts with methane (CH4). The 

remaining 15% reacts with ozone (O3), hydroperoxy radicals (HO2) and hydrogen 

gas (H2). 6. Important OH reactions in the troposphere.  

The oxidation of carbon monoxide and methane by OH are very important as they 

are the major ways by which OH is removed from the atmosphere. Reaction of OH 

with alkenes, a special class of organic compounds, is also very important as this 

reaction results in the formation of peroxides. 

SOURCE: Peter Warneck, in Encyclopedia of Physical Science and Technology 

(Third Edition), 2003 

 

  

 

 

 



Lesson and Seminar 11. Impact of meteorological condition on the chemistry 

of the atmosphere  

The chemistry of the atmosphere depends not only on the chemical compounds 

present in the air but also on the physical conditions. These physical conditions 

depend, for example, on the season, whether it's day or night, what the temperature 

is and how humid the air is.  

 

 

 

Collapsing temperature inversion on a July morning (Isar Valley / Germany). 

By Elmar Uherek and adapted from: Schirmer - Wetter und Klima - Wie 

funktioniert das?  

 

The diurnal cycle 

 In the last section we saw that OH concentrations are highest during the day and 

approach zero at night when there is no sunlight present. Temperature and other 

physical properties also show a diurnal or daily cycle. Conditions close to the 

ground in the planetary boundary layer vary and do not always follow the general 

rule (e.g. of decreasing temperature with increasing altitude) because of 



interactions with the Earth's surface. A very typical example is the night-time 

inversion layer which collapses in the morning. 

Night-time inversion in the planetary boundary layer 

Everything below the free atmosphere (D) is part of our planetary boundary layer. 

Changes within the planetary boundary layer occur during the day and these are 

shown from the left to the right in the diagram.  At noon the air is well mixed (light 

blue). After sunset a stable nocturnal layer forms (A) and residual air remains 

above it (B). Air from the surface layer (below the dotted brown line) cannot go up 

to high altitudes during the night as there is no energy from the Sun to drive this 

movement. Air movement starts again as the Sun rises. The ground warms, air 

starts rising (red arrow) and the stable layers formed during the night collapse. A 

so called 'entrainment zone' rises up from ground to the top of the boundary layer 

(dark blue) and mixes the air (C). 

 

 

 

 



 Model of the planetary boundary layer. The thickness of the planetery 

boundary layer may vary (see different altitudes at 12 o'clock). 

By Elmar Uherek, adapted from Stull, 1988.   

 

In the winter the Sun's energy isn't always strong enough to breakdown the 

inversion layer in the morning and the layer exists for the whole day or even for 

several days.  In these situations, pollution accumulates over the cities and leads to 

smog formation.  Similarly in mountain valleys, the inversion layer can be trapped 

below the cloud layer 

 

 

 

Inversion layer in winter in the mountains.  © Institute for Geographical 

Education, University of Erlangen-Nurnberg, Germany. 

 

Nitrate radical chemistry 

The chemistry of the night-time atmosphere is dominated by the nitrate 

radical (NO3).  These nitrate radicals are formed from the reaction of ozone (O3) 

with nitrogen dioxide (NO2).  The reaction of NO3 with NO2 is the only way to 

form dinitrogen pentoxide (N2O5) in the atmosphere. This N2O5 acts as a store of 



NO3.   It can either decompose back to NO3 and NO2 or react with water to form 

nitric acid (HNO3). 

NO3 reacts with organic molecules in the same way as OH does.  It removes 

a hydrogen atom from alkanes to form an organic alkyl radical (R) which then 

reacts with O2 in the air to form peroxy radicals (RO2). 

 

Important night-time reactions of the nitrate radical.  The radical is broken 

down by sunlight when the sun rises (shown in the yellow box).  Scheme by 

Elmar Uherek.  

 

NO3 adds also to the double bonds of unsaturated organic compounds and forms 

peroxy nitrates after addition of O2.  The lifetime of NO3 / N2O5 decreases 

drastically as concentrations of water vapour increase.  As water vapour levels 

increase, more of the NO3 is converted to nitric acid (HNO3), in particular on 

liquid films on surfaces. 

All peroxy species resulting from OH and NO3 radicals or ozone reactions 

undergo rather complicated and numerous further reactions in the atmosphere  

leading to, for example, alcohols, aldehydes, nitrates and carboxylic acids. 

 

 



 

Nitrate radical reactions with alkanes and alkenes 

 

NO3 radicals absorb light in the red part of the visible spectrum. As soon as the sun 

rises, the nitrate radical is photolysed mainly into NO2 and O atoms and NO3 

concentrations fall to zero.  Now hydroxyl radicals (OH) start to be produced and 

these become the most important oxidant in the atmosphere. 

Ozone, the third most important oxidant in the atmosphere, does not react with 

alkanes but will react with alkenes (unsaturated hydrocarbons with a carbon to 

carbon double bond) if OH concentrations are low, particularly in the winter or the 

evening.  We will look at the atmospheric chemistry of ozone later in this unit. 

 

 



 

Nitrate absorption spectrum in the visible range.  Maximum absorption 

occurs in the red part of the spectrum (600-700 nm).   Measurements were 

made at 230 K.  Adapted from Sander (1986). 

 

 

The Impact of Meteorology on the PM2.5 Pollution (Case study China) 

 

Relationships between Meteorological Parameters and the PM2.5 Concentration 

The meteorological conditions have various effects on the diffusion and dilution 

capabilities of particles, the gas-particle conversion process, and secondary 

formation of particles. The relationships between different meteorological 

parameters and the PM2.5 concentration during January in the four major regions 

are presented in Figure 5. Precipitation, wind speed, and relative humidity had 

major influences on the removal or accumulation of air pollutants. Low wind 

speeds decreased the speed of pollutant diffusion. When the wind speed was less 

than 2 m s−1, the probability of PM2.5 pollution increased.  

High humidity and stagnant meteorological conditions accelerated the 

accumulation process of PM2.5 pollution. 

 Differences in environmental factors such as the latitude, topography, land-sea 



distribution, hydrological characteristics, biological communities, and soil type, 

influence the response of PM2.5 to meteorological parameters in different regions. 

The JJJ region is located in northern China,where January precipitation is 

relatively low, wind speed is low (wind speed <2 m s−1), and humidity is high (the 

relative humidity >60%). These factors have a major influence on the PM2.5 

concentration. 

In particular, the growth of the secondary particles was accelerated and the PM2.5 

concentration was high, with a daily average concentration of PM2.5 of >150 µg 

m−3 . The YRD and CYB regions displayed similar characteristics to the JJJ 

region in terms of the correlation between meteorological parameters and the 

PM2.5 concentration. The PRD consists of groups of coastal cities, and since the 

PM2.5 is greatly affected by the precipitation and the sea–land breeze, when the 

daily accumulation precipitation was >10 mm, the PM2.5 pollution was greatly 

reduced and the daily mean concentration of PM2.5 was <50 µg m−3. When the 

wind speed was >2.5 m s−1 , the daily average concentration of PM2.5 was usually 

<50 µg m−3. 

The meteorological conditions have various effects on the diffusion and 

dilution capabilities of particles, the gas-particle conversion process, and secondary 

formation of particles. The relationships between different meteorological 

parameters and the PM2.5 concentration during January in the four major regions 

are presented in Figure 5. 



 

 Precipitation, wind speed, and relative humidity had major influences on the 

removal or accumulation of air pollutants. Low wind speeds decreased the speed of 

pollutant diffusion. When the wind speed was less than 2 m s−1 , the probability of 

PM2.5 pollution increased. High humidity and stagnant meteorological conditions 

accelerated the accumulation process of PM2.5 pollution. Differences in 

environmental factors such as the latitude, topography, land-sea distribution, 

hydrological characteristics, biological communities, and soil type, influence the 

response of PM2.5 to meteorological parameters in different regions. The JJJ 

region is located in northern China, where January precipitation is relatively low, 

wind speed is low (wind speed 60%). These factors have a major influence on the 



PM2.5 concentration. In particular, the growth of the secondary particles was 

accelerated and the PM2.5 concentration was high, with a daily average 

concentration of PM2.5 of >150 µg m−3 . The YRD and CYB regions displayed 

similar characteristics to the JJJ region in terms of the correlation between 

meteorological parameters and the PM2.5 concentration. The PRD consists of 

groups of coastal cities, and since the PM2.5 is greatly affected by the precipitation 

and the sea–land breeze, when the daily accumulation precipitation was >10 mm, 

the PM2.5 pollution was greatly reduced and the daily mean concentration of 

PM2.5 was 2.5 m s−1 , the daily average concentration of PM2.5 was usually 

60%). These factors have a major influence on the PM2.5 concentration. In 

particular, the growth of the secondary particles was accelerated and the PM2.5 

concentration was high, with a daily average concentration of PM2.5 of >150 µg 

m−3. The YRD and CYB regions displayed similar characteristics to the JJJ region 

in terms of the correlation between meteorological parameters and the PM2.5 

concentration. The PRD consists of groups of coastal cities, and since the PM2.5 is 

greatly affected by the precipitation and the sea–land breeze, when the daily 

accumulation precipitation was >10 mm, the PM2.5 pollution was greatly reduced 

and the daily mean concentration of PM2.5 was 2.5 m s−1, the daily average 

concentration of PM2.5 was usually. 

 

 

Recommended literature 

1. Weather, climate and the air we Breathe. WMO-No. 1035. World 

Meteorological Organization, 2009 

2. Yanling Xu at al. Impact of Meteorological Conditions on PM2.5. 

Atmosphere 2018, 9, 429; doi:10.3390/atmos9110429 

 

 

 

 



 

Lesson and Seminar 12. Aerosols in atmosphere 

  

Aerosols in the atmosphere have several important environmental effects. 

They are a respiratory health hazard at the high concentrations found in 

urban environments. They scatter and absorb visible radiation, limiting 

visibility. They affect the Earth's climate both directly (by scattering and 

absorbing radiation) and indirectly (by serving as nuclei for cloud 

formation). They provide sites for surface chemistry and condensed-phase 

chemistry to take place in the atmosphere. We present in this chapter a 

general description of the processes controlling aerosol abundances and go 

on to discuss radiative effects in more detail. Chemical effects will be 

discussed in subsequent chapters. 

  

1. SOURCES AND SINKS OF AEROSOLS 

  

Atmospheric aerosols originate from the condensation of gases and from the 

action of the wind on the Earth's surface. Fine aerosol particles (less than 1 

mm in radius) originate almost exclusively from condensation of precursor 

gases. A typical chemical composition for fine aerosol in the lower 

troposphere is shown in Fig.1.  

A key precursor gas is sulfuric acid (H2SO4), which is produced in the 

atmosphere by oxidation of sulfur dioxide (SO2) emitted from fossil fuel 

combustion, volcanoes, and other sources. H2SO4 has a low vapor pressure 

over H2SO4-H2O solutions and condenses under all atmospheric conditions 

to form aqueous sulfate particles. The composition of these sulfate particles 

can then be modified by condensation of other gases with low vapor 

pressure including NH3, HNO3, and organic compounds. Organic carbon 

represents a major fraction of the fine aerosol Fig 1. and is contributed 

mainly by condensation of large hydrocarbons of biogenic and 



anthropogenic origin. Another important component of the fine aerosol 

is soot produced by condensation of gases during combustion. Soot as 

commonly defined includes both elemental carbon and black organic 

aggregates. 

  Mechanical action of the wind on the Earth's surface emits sea 

salt, soil dust, and vegetation debris into the atmosphere. These aerosols 

consist mainly of coarse particles 1-10 mm in radius. Particles finer than 1 

mm are difficult to generate mechanically because they have large area-to-

volume ratios and hence their surface tension per unit aerosol volume is 

high. Particles coarser than 10 mm are not easily lifted by the wind and have 

short atmospheric lifetimes because of their large sedimentation velocities. 

  

 

Figure 1 Typical composition of fine continental aerosol. Adapted from 

Heintzenberg, J., Tellus, 41B, 149-160, 1989. 

 

 

Figure 2 illustrates the different processes involved in the production, 

growth, and eventual removal of atmospheric aerosol particles. 



 Gas molecules are typically in the 10-4-10-3 mm size range. Clustering of 

gas molecules ( nucleation) produces ultrafine aerosols in the 10-3-10-2 mm 

size range. These ultrafine aerosols grow rapidly to the 0.01-1 mm fine 

aerosol size range by condensation of gases and by coagulation (collisions 

between particles during their random motions). Growth beyond 1 mm is 

much slower because the particles are by then too large to grow rapidly by 

condensation of gases, and because the slower random motion of large 

particles reduces the coagulation rate. 

 

 

Figure 2. Production, growth, and removal of atmospheric aerosols  

 

Aerosol particles originating from condensation of gases tend therefore to 

accumulate in the 0.01-1 mm size range, often called the accumulation mode 

(as opposed to the ultrafine mode or the coarse mode). These particles are 

too small to sediment at a significant rate, and are removed from the 

atmosphere mainly by scavenging by cloud droplets and subsequent rainout 

(or direct scavenging by raindrops). 

Coarse particles emitted by wind action are similarly removed by rainout. In 

addition they sediment at a significant rate, providing another pathway for 



removal. The sedimentation velocity of a 10 mm radius particle at sea level 

is 1.2 cm s-1, as compared to 0.014 cm s-1 for a 0.1 mm particle. 

The bulk of the atmospheric aerosol mass is present in the lower 

troposphere, reflecting the short residence time of aerosols against 

deposition (~1-2 weeks; see problem 8. 1 ). Aerosol concentrations in the 

upper troposphere are typically 1-2 orders of magnitude lower than in the 

lower troposphere. The stratosphere contains however an ubiquitous 

H2SO4-H2O aerosol layer at 15-25 km altitude, which plays an important 

role for stratospheric ozone chemistry (chapter 10). This layer arises from 

the oxidation of carbonyl sulfide (COS), a biogenic gas with an atmospheric 

lifetime sufficiently long to penetrate the stratosphere. It is augmented 

episodically by oxidation of SO2 discharged in the stratosphere from large 

volcanic eruptions such as Mt. Pinatubo in 1991.  

Although the stratospheric source of H2SO4 from COS oxidation is less than 

0.1% of the tropospheric source of H2SO4, the lifetime of aerosols in the 

stratosphere is much longer than in the troposphere due to the lack of 

precipitation. 

 2.RADIATIVE EFFECTS 

  

2.1 Scattering of radiation 

  

A radiation beam is scattered by a particle in its path when its direction of 

propagation is altered without absorption taking place. Scattering may take 

place by reflection, refraction, or diffraction of the radiation beam. We 

define the scattering efficiency of a particle as the probability that a photon 

incident on the particle will be scattered. The scattering efficiency of green 

light (l = 0.5 mm) by a spherical water particle as a function of particle size. 

Scattering is maximum for a particle radius corresponding to the wavelength 

of radiation. Larger particles also scatter radiation efficiently, while smaller 

particles are inefficient scatterers. Atmospheric aerosols in the accumulation 



mode are efficient scatterers of solar radiation because their size is of the 

same order as the wavelength of radiation; in contrast, gases are not efficient 

scatterers because they are too small. Some aerosol particles, such as soot, 

also absorb radiation. 

 

Figure 3. Scattering of a radiation beam: processes of reflection 

(A), refraction (B), refraction and internal reflection (C), and diffraction (D). 

  

 

Figure 4 .Scattering efficiency of green light (l = 0.5 mm) by a liquid water 

sphere as a function of the diameter of the sphere. Scattering efficiencies can 

be larger than unity because of diffraction. Adapted from Jacobson, M.Z., 

Fundamentals of Atmospheric Modeling, Cambridge University Press, 

Cambridge, 1998. 

  

  

2.2.Visibility reduction 

  



Atmospheric visibility is defined by the ability of our eyes to distinguish an 

object from the surrounding background. Scattering of solar radiation by 

aerosols is the main process limiting visibility in the troposphere Fig 5. In 

the absence of aerosols our visual range would be approximately 300 km, 

limited by scattering by air molecules. Anthropogenic aerosols in urban 

environments typically reduce visibility by one order of magnitude relative 

to unpolluted conditions. Degradation of visibility by anthropogenic aerosols 

is also a serious problem in U.S. national parks such as the Grand Canyon 

and the Great Smoky Mountains. The visibility reduction is greatest at high 

relative humidities when the aerosols swell by uptake of water (exercise See 

How many independent variables determine the liquid-vapor equilibrium of 

the H2O-NaCl system? What do you conclude regarding the ability of sea 

salt aerosol particles in the atmosphere to take up water? ), increasing the 

cross-sectional area for scattering; this is the phenomenon known as haze. 

  

 

Figure 5 Reduction of visibility by aerosols. The visibility of an object is 

determined by its contrast with the background (2 vs. 3). This contrast is 

reduced by aerosol scattering of solar radiation into the line of sight (1) and 

by scattering of radiation from the object out of the line of sight (4). 

  

2.3 Perturbation to climate 

  

Scattering of solar radiation by aerosols increases the Earth's albedo because 

a fraction of the scattered light is reflected back to space. The resulting 

cooling of the Earth's surface is manifest following large volcanic eruptions, 

such as Mt. Pinatubo in 1991, which inject large amounts of aerosol into the 

http://acmg.seas.harvard.edu/people/faculty/djj/book/bookchap1.html#82960
http://acmg.seas.harvard.edu/people/faculty/djj/book/bookchap1.html#82960
http://acmg.seas.harvard.edu/people/faculty/djj/book/bookchap1.html#82960
http://acmg.seas.harvard.edu/people/faculty/djj/book/bookchap1.html#82960


stratosphere. The Pinatubo eruption was followed by a noticeable decrease 

in mean surface temperatures for the following 2 years Fig 6 because of the 

long residence time of aerosols in the stratosphere. Remarkably, the optical 

depth of the stratospheric aerosol following a large volcanic eruption is 

comparable to the optical depth of the anthropogenic aerosol in the 

troposphere. The natural experiment offered by erupting volcanoes thus 

strongly implies that anthropogenic aerosols exert a significant cooling 

effect on the Earth's climate. 

  

 

Figure 6. Observed change of the Earth's global mean surface temperature 

following the Mt. Punatubo eruption (September 1991). Adapted from 

Climate Change 1994, Cambidge University Press, New York, 1995. 

  

  

This direct forcing represents the radiative effect from scattering of solar 

radiation by aerosols. There is in addition an indirect effect shown in Fig 7. 

 associated with the role of aerosols as nuclei for cloud droplet formation; a 

cloud forming in a polluted atmosphere distributes its liquid water over a 

larger number of aerosol particles than in a clean atmosphere, resulting in a 

larger cross-sectional area of cloud droplets and hence a larger cloud albedo. 



 

Figure 7. Globally averaged radiative forcing due to changes in 

greenhouse gases, aerosols, and solar activity from year 1850 to today. 

From Climate Change 1994, Intergovernmental Panel on Climate 

Change, Cambridge University Press, New York ,1995. 

 

This indirect effect is considerably more uncertain than the direct effect but 

could make a comparable contribution to the aerosol radiative forcing. 

  

Anthropogenic aerosols may explain at least in part why the Earth has not 

been getting as warm as one would have expected from increasing 

concentrations of greenhouse gases. A major difficulty in assessing the 

radiative effect of aerosols is that aerosol concentrations are highly variable 

from region to region, a consequence of the short lifetime. Long-term 

temperature records suggest that industrial regions of the eastern United 

States and Europe, where aerosol concentrations are high, may have warmed 

less over the past century than remote regions of the world, consistent with 

the aerosol albedo effect. Recent observations also indicate a large optical 

depth from soil dust aerosol emitted by arid regions, and there is evidence 



that this source is increasing as a result of desertification in the tropics. 

Because of their large size, dust particles not only scatter solar radiation but 

also absorb terrestrial radiation, with complicated implications for climate.  
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Jacobson, M.Z., Fundamentals of Atmospheric Modeling, Cambridge 

University Press, Cambridge, 1998. Aerosol scattering and absorption. 
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Lesson and Seminar 13.  Stratospheric ozone formation 

 

Ozone is a gas that is naturally present in our atmosphere. Ozone has the chemical 

formula O3 because an ozone molecule contains three oxygen atoms (see Figure 

Q1-1). Ozone was discovered in laboratory experiments in the mid1800s. Ozone’s 

presence in the atmosphere was later discovered using chemical and optical 

measurement methods. The word ozone is derived from the Greek word óζειν 

(ozein), meaning “to smell.” Ozone has a pungent odor that allows it to be detected 

even at very low amounts. Ozone reacts rapidly with many chemical compounds 

and is explosive in concentrated amounts. Electrical discharges are generally used 

to produce ozone for industrial processes such as air and water purification and 

bleaching of textiles and food products. Ozone location. Most ozone (about 90%) 

is found in the stratosphere, which begins about 10–16 kilometers (6–10 miles) 

above Earth’s surface and extends up to about 50 kilometers (31 miles) altitude. 

The stratospheric region with the highest ozone concentration is commonly known 

as the “ozone layer”. 

 

 

 



The ozone layer extends over the entire globe with some variation in altitude and 

thickness. The remaining ozone, about 10%, is found in the troposphere, which is 

the lowest region of the atmosphere, between Earth’s surface and the stratosphere. 

Ozone abundance. Ozone molecules have a low relative abundance in the 

atmosphere. In the stratosphere near the peak concentration of the ozone layer, 

there are typically a few thousand ozone molecules for every billion air molecules 

(1 billion = 1,000 million). Most air molecules are either oxygen (O2) or nitrogen 

(N2) molecules. In the troposphere near Earth’s surface, ozone is even less 

abundant, with a typical range of 20 to 100 ozone molecules for each billion air 

molecules. The highest surface values result when ozone is formed in air polluted 

by human activities. As an illustration of the low relative abundance of ozone in 

our atmosphere, one can imagine bringing all the ozone molecules in the 

troposphere and stratosphere down to Earth’s surface and uniformly distributing 

these molecules into a layer of gas extending over the globe. The resulting layer of 

pure ozone would have an average thickness of about three millimeters (about one-

tenth inch) (see Q4). Nonetheless, this extremely small fraction of the atmosphere 

plays a vital role in protecting life on Earth (see Q3). Figure Q1-1. Ozone and 

oxygen. A molecule of ozone (O3) contains three oxygen (O) atoms bound 

together. Oxygen molecules (O2), which constitute 21% of the gases in Earth’s 

atmosphere, contain two oxygen atoms bound together. 

 

 



 

Ozone is ozone no matter where it is in the atmosphere. Good ozone is good only 

because it is in the stratosphere where we cannot breathe it (see figure below). Bad 

ozone also absorbs solar ultraviolet light, but it is down near Earth's surface where 

we can breathe it. For UV protection, we are interested in the total number of 

ozone molecules between us and the Sun. 90% of ozone molecules are in the 

stratosphere and 10% are in the troposphere - some down near Earth's surface 

where we can breathe them. There are important issues affecting human and 

ecological health for both good ozone and bad ozone. For good ozone, the most 

important issues are the reduction of ozone globally, the Antarctic Ozone Hole, 

and Arctic ozone loss that is caused by chlorofluorocarbons. Reduced ozone means 

more solar UV gets to the ground causing more skin cancer. For bad ozone, the 

most important issues include the production of too much ozone in cities and 

nearby regions that is caused by too many pollutants from traffic, industrial 

processes, power generation, and other human activities. Increased ozone means 

more people have respiratory and heart problems. Let's look at both the good and 

the bad, starting with the stratospheric ozone. 

 

 

 

To get the total amount of ozone between us and the Sun, we simply add up the 

ozone amount starting at the surface and going up to the top of the ozone layer. 



Note how much more ozone there is in the stratosphere. At higher latitudes, the 

bottom of the stratospheric ozone layer is at approximately 10-12 km.  

he process of stratospheric ozone formation starts with ozone (O3), which is made 

by ultraviolet sunlight in the stratosphere (but not the troposphere, as we shall see). 

The two reactions are: 

 

O2+hardUV→O+O    [1] 

O+O2+N2→O3+N2    [2] 

 

 

 

Source: NOAA 

https://www.esrl.noaa.gov/csl/assessments/ozone/2010/twentyquestions/Q2.pdf 

 

QUESTION: Note that the total ozone amount at midlatitudes is greater than the 

amount in the tropics. This should seem strange to you because the solar UV that is 

part of the Chapman mechanism is strongest in the tropics. Why do you think that 

total ozone is distributed this way? 

 

ANSWER: The ozone distribution is due to the motion of air through the 

stratosphere. Air comes from the troposphere into the stratosphere mostly in the 

tropics and, as it rapidly moves from west to east, it slowly moves from the tropics 

to near the poles, where it re-enters the troposphere. So most of the ozone is made 

https://www.esrl.noaa.gov/csl/assessments/ozone/2010/twentyquestions/Q2.pdf


in the tropics at higher altitudes and then some of this ozone is destroyed by 

chemical reactions as the ozone is transported poleward and downward. So, while 

the ozone mixing ratio decreases slightly from tropics to high latitudes, the ozone 

concentration (moles per volume) increases as it is transported to lower altitudes 

where the pressure and number of moles is greater, more than twice as large.  

 

The low ozone over Antarctica above is the Antarctic Ozone Hole;  

the video below (:31) entitled "Ozone Minimums With Graph" (from NASA) 

shows changes in ozone concentration between 1979 and 2013. VIdeo is not 

narrated: 

https://www.youtube.com/watch?time_continue=6&v=QHbQQ2HwH78&feature=

emb_logo 

 

 

The Antarctic ozone hole is an extreme example of the destructive power of 

chlorine catalytic cycles. Different catalytic cycles dominate the ozone destruction 

over Antarctica and, to a lesser extent, the Arctic. But, when aided by chemistry on 

https://www.youtube.com/watch?time_continue=6&v=QHbQQ2HwH78&feature=emb_logo
https://www.youtube.com/watch?time_continue=6&v=QHbQQ2HwH78&feature=emb_logo


the surfaces of naturally occurring polar stratospheric clouds, all the Cl in the form 

of HCl is liberated so that the polar catalytic cycles are able to destroy a few 

percent of the ozone per day in a plug the size of Antarctica from an altitude of 12 

km all the way up to 20 km. 

Heavier-Than-Air CFCs  

CFCs and other ozone-depleting substances reach the stratosphere despite 

the fact that they are “heavier than air.” For example, molecules of CFC-11 

(CCl3F) and CFC-12 (CCl2F2) are approximately 4–5 times heavier than the 

average molecule of air, since air is composed primarily of oxygen and nitrogen. 

The emissions of long-lived gases accumulate in the lower atmosphere 

(troposphere). The distribution of these gases in the troposphere and stratosphere is 

not controlled by the molecular weight of each gas because air is in continual 

motion in these regions as a result of winds and convection. Continual air motions 

ensure that new emissions of long-lived gases are horizontally and vertically well 

mixed throughout the troposphere within a few months. It is this well-mixed air 

that enters the lower stratosphere from upward air motions in tropical regions, 

bringing with it ozone-depleting substances emitted from any location on Earth’s 

surface. Atmospheric measurements confirm that ozone-depleting substances with 

long atmospheric lifetimes are well mixed in the troposphere and are present in the 

stratosphere. 

  



BRIEF GLOSSARY ON CHEMISTRY OF THE ATMOSPHERE AND 

CLIMATE CHANGE 

 

Back Scattering - Process by which up to 25% of radiant energy from the 

sun is reflected or scattered away from the surface by clouds. Serves the greatest 

importance in the atmospheric heat budget. Large errors in the assumed value of 

this variable may have important effects on computer models of the atmosphere. 

[Radiation and the Cloud Process in the Atmosphere; Liou, K.N.; 194; 1992; 

Oxford Press; Oxford.] [ Man's Impact on the Climate; Mitchell, Murry; Ed. 

Williams A. Matthews; 173; 1971; Colonial Press; Baltimore.] [Atmospheric 

Environment; v36; 5479-5489; 2002: DOI:http://dx.doi.org/10.1016/S1352-

2310(02)00664-7] [Physics and Chemistry of the Earth, Part B: Hydrology, Oceans 

and Atmosphere; v26; 239-245; 2001; DOI:10.1016/S1464-1909(00)00246-X] 

Barometric Pressure - The downward pressure, at any given point in the 

atmosphere, of the gases directly above that point. Average pressure globally at sea 

level is 1,013,000 dynes per centimeter squared or 760 torr. This is defined as one 

atmosphere. [A Field Guide to the Atmosphere; Day, John and Schaefer, Vincent; 

347; 1981; Houghton Mifflin; Boston.] [Ice Time; Levenson, Thomas; 69-70; 

1989; Harper and Row; NY.] [Physics and Chemistry of the Earth; v27; 1387-

1399; 2002: DOI:10.1016/S1474-7065(02)00076-1] 

Beer's Law (Beer-Lambert law) - For monochromatic radiation, 

absorbance (A) is determined by the relationship: A = abc, with a = absorptivity, b 

= path length through the medium, and c = concentration of the absorbing species. 

The intensity of a ray of light which has gone through a medium is a function of 

the path length through which the light passes and the concentration of absorbing 

matter in that medium. [Fundamentals of Analytical Chemistry; Skoog, Douglas 

A.; West, Donald M.; Holler, James F.; Ed. Jennifer Bortel; p. 510; 1996; Saunders 

College Publishing; Fort Worth, Texas.] [The Gulf Publishing Company 

Dictionary of Business and Science; Tver, David F.; p. 58; 1974; Gulf Publishing 



Company; Houston, Texas.] [Physics and Chemistry of the Earth; v27; 355-362: 

2002: DOI:10.1016/S1474-7065(02)00012-8] 

Benzene - C6H6, an aromatic hydrocarbon. It can be found in the air by 

several different ways of transmission. It can be produced for use with plastic or 

produced through the burning of fossil fuels. Benzene can also be found in the soil 

as well as some areas of groundwater pollution. In urban setting its presence 

correlates with the presence of NOx and CO. Exposure to benzene has been linked 

to leukemia. [Journal of Applied Meteorology; v38; 1448�1462; 1999; 

DOI:10.1175/1520-0450(1999)038<1448:AAOSOG>2.0.CO;2] [Atmospheric 

Environment; v41; 554-566; 2007; DOI:10.1016/j.atmosenv.2006.08.051] 

Biogenic Emissions - The chemical compounds that living organisms put 

into the atmosphere, usually related to respiration or fermentation. Monitoring the 

biogenic emissions helps determine the source and sink of chemicals as well as 

atmospheric cycles. Examples of atmospheric components from biogenesis are 

methane, nitrous oxide, or terpenes. [Ecological Applications; v7; 46-58; 

1997.][Agricultural and Forest Meteorology; v149; 808-819; 2009; DOI: 

10.1016/j.agrformet.2008.11.001 ] 

Biogeochemical Carbon - The biological and geographic study of the 

properties of carbon's chemical properties in relation to gases in the atmosphere. 

Models that study this often incorporate atmospheric carbon dioxide, carbonates in 

the ocean, organic carbon, and dissolved inorganic carbon in an attempt to 

determine the temporal characteristics of the planet's carbon cycle. [The Ages of 

Gaia; Lovelock, J.; pg. 30, 34, 62; 1988; Bantam; NY.] [Climate Systems 

Modeling ; Salby, Murry; Ed. Kevin E Trenberth; pg. 452, 489; 1992; Cambridge 

University Press; London.] [Global and Planetary Change; v35; 131-141; 2003.] 

[Earth and Planetary Science Letters; v286, 316-323: 2009; 

DOI:10.1016/j.epsl.2009.06.045] 

 



 

Biomass - The complete dry weight of organic material found in the 

biosphere or less strictly, the matter in the biosphere that is contained in living 

organisms. [Biology; Campbell, Niel; 1118; 1990; Benjamin Cummings, Redwood 

City.] [ Living in the Environment; Miller, Tyler; 467-470; 1994; Wadworth; 

Belmont.] 

Biomass Burning - the process of oxidizing living material. This process 

produces atmospheric particulates as well as the production of greenhouse and 

reactive tropospheric gases. These gases include CO2, CO, NOx, CH4, CH3Cl 

along with the addition of black carbon. All of these chemical species can be lofted 

relatively high in the atmosphere due to the convective heating of a fire. [Graedel, 

T.D. and Paul Crutzen. Atmospheric Change: an Earth system perspective; 1993; 

Freeman Press.] [Atmospheric Environment; v41; 2644-2659; 2007.] [Remote 

Sensing of Environment; v107; 81-89; 2007.] 

Biosphere - A volume including the lower part of the troposphere (as high 

as living organisms can fly or be lofted) and the surface of the earth including the 

oceans. This region, by definition, encompasses all the living matter of the earth. 

Some very important atmospheric chemicals are produced in this region and pass 

into the atmosphere. This region exchanges chemicals and particulate matter with 

the atmosphere and soils and waters of the earth. [Journal of Geophysical 

Research; v99; 16511-16521; 1994.] [Journal of Hydrology; v337; 258-268; 2007.] 

[Journal for Nature Conservation; v15; 26-40; 2007.] 

Black Carbon - Emitted during the burning of coal, diesel fuel, natural gas 

and biomass and is part of the composition of soot.  Black Carbon can absorb and 

reflect sunlight cooling the Earth�s surface, but also increase solar energy 

absorbed in the atmosphere, warming it.  These effects are thought to effect global 

climate and rainfall cycles.  Black carbon increases the effect of global warming, 

visibility problems, and health problems. [Science; v307; 1454; 2005: 



DOI:10.1126/science.1104359] [Environmental Science Technology; v39; 1861; 

2005; DOI:10.1021/es0493650]  

 

Blackbody Radiation - Any physical body absorbs and emits 

electromagnetic radiation when its temperature is above absolute zero. Planck's 

law determines the radiant flux of a body at a specific wavelength. In atmospheric 

chemistry, the calculation involving the earth's blackbody radiation shows that the 

earth's surface temperature would be below the freezing point of water if it did not 

have an atmosphere which absorbed some of the outgoing radiation. [Physical 

Review A; v45; 8471-8487; 1992; DOI:10.1103/PhysRevA.45.8471] [Science; 

v232; 1517-1522; 1986: DOI:10.1126/science.232.4757.1517] 

Blue Sky - See Visible Light. 

 

Boundary Layer - An area in the troposphere which is affected by the solar 

heating, radioactive cooling, and surface friction of the earth. The height of the 

boundary layer can range anywhere from 100m to 3 km and coincides with the 

height at which pollutants are mixed. The area immediately above the boundary 

layer is called the free troposphere. [Journal of Applied Meteorology; v28, pages 

885-903; 1989.] [Atmospheric Environment; v37; 2193-2205; 2003; 

DOI:10.1016/S1352-2310(03)00157-2] [Atmospheric Research; v75; 301-321; 

2005; DOI:10.1016/j.atmosres.2005.01.005] 

Bromochlorodifluoromethane - [CAS# 353-59-3] Chemical formula 

CBrClF2 Synonyms: Halon 1211, Freon 12B1, chlorodifluorobromomethane. This 

chemical belongs to the freon family. Halon 1211 was introduced in the 1960s as 

an effective gaseous fire suppression agent for application in the protection of 

computer control rooms, museums, telecommunication switches and other areas 

containing highly valuable materials. Results of studies done in the late 1980s 

indicated that the agent was an ozone depleting chemical. This chemical is stable 



in the troposphere but photodissociates to yield halogen radicals in the upper 

atmosphere, which can catalytically destroy stratospheric ozone. [American 

Journal of Emergency Medicine; v14; 675-677; 1996.] [Atmospheric Environment; 

v40; 7331-7345, 2006; DOI:10.1016/j.atmosenv.2006.06.041] 

Brownian Motion - Three-dimensional, random movement of particles in a 

gas or liquid. [Journal of Chemical Education; v65, 1091-1093; 1988.] 

[Environmental Science and Technology; v25; 2031-2037; 1991.] 

1,3-Butadiene - CH2=CH-CH=CH2, is produced during a petrochemical 

combustion. It is also leaked into the atmosphere from the storage of 

petrochemicals. Typical half-life in the atmosphere is around 2 hours. It is also a 

known human carcinogen. [Chemico-Biological Interactions; v166; 44-51; 2007.] 

[Atmospheric Environment; Volume 40; 7686-7695; 2006.] 

Carbon 14 - 14C, an isotope of carbon-12 (12C). 14C contains two more 

neutrons and is radioactive and used in carbon dating. While carbon-12 is not 

radioactive, the half life of 14C is 5730 years. This relatively short half life allows 

the ratio of carbon-12 to carbon-14 to be used to date objects containing carbon to 

an age of 50,000 years before present time. [Journal of Hydrology; v430; 50-68; 

2012; DOI:10.1016/j.jhydrol.2012.01.046] 

Carbonate-Based Carbon Dioxide Capture - Carbon dioxide in 

combustion-produced flue gases can be dissolved in carbonate-containing solutions 

to form bicarbonates, thereby concentrating CO2 for subsequent sequestration. 

Heating of the bicarbonate-containing solution releases CO2, reforming 

carborbonates which can be recycled. A molten carbonate fuel cell technology is 

also under development. [International Journal of Greenhouse Gas Control; v2; 9-

20; 2008; DOI:10.1016/S1750-5836(07)00094-1] [International Journal of 

Greenhouse Gas Control; v9; 372-384; 2012; 

DOI:http://dx.doi.org.ezproxy.shsu.edu/10.1016/j.ijggc.2012.05.002] 



Carbon Cycle - A complex cycle that circulates carbon through the 

atmosphere, oceans, and land which includes vegetation and soil and carbon is in 

various forms and oxidation states throughout the cycle. [American Scientist; v78; 

310-326; 1990.] [Journal of Forestry; v88; 33-34; 1990.] 

 

Carbon Dioxide - CO2, a volatile compound consisting of one carbon and 

two oxygens. It is a reactant in photosynthesis and necessary for plant life, and is 

abundant in the atmosphere due to anthropogenic and natural activities. It is a 

greenhouse gas. The atmospheric concentration of carbon dioxide has been rising 

from a preindustrial value (<AD1800) of about 280 ppmv to a May 2021 level of 

about 419 ppmv as measured at Mauna Loa Observatory, Hawaii. This is an 

increase of almost 50%. C. David Keeling was instrumental in establishing the 

first, high precision, continuous measurements of atmospheric carbon dioxide. The 

continuous, upward sloping plot of atmospheric CO2 concentration versus times is 

eponymously known as the Keeling curve. Ice core data from the European Project 

for Ice Coring in Antarctica show that present atmospheric concentrations of CO2 

and CH4 are the highest in the past 800,000 years as determined in the so-called 

Dome C ice core. [Journal of Geophysical Research; v96; 7301-7312; 1991; 

DOI:10.1029/90JD02713] [Environmental Science and Technology; v28; 1565-

1576; 1994; DOI:10.1021/es00058a006] [Atmospheric CO2 and 13CO2 exchange 

with the terrestrial biosphere and oceans from 1978 to 2000: observations and 

carbon cycle implications; C. D. Keeling, S. C. Piper, R. B. Bacastow, M. Wahlen, 

T. P. Whorf, M. Heimann, and H. A. Meijer; pp. 83-113, in "A History of 

Atmospheric CO2 and its effects on Plants, Animals, and Ecosystems", editors, 

Ehleringer, J.R., T. E. Cerling, M. D. Dearing, Springer Verlag, New York, 2005; 

DOI: 10.1126/science.1141038] 

Carbon Disulfide - CS2, a compound used to manufacture products such as 

rayon and cellophane. Carbon disulfide is produced naturally by microbial activity 

in marshes and in volcanic ash. Since carbon disulfide does not adhere well to 



sediments, if it comes into contact with soil, it could percolate into groundwater, 

where it is very soluble. CS2 can also add to photochemical smog development 

when it reacts with other organic substances in the atmosphere, such as methane or 

oxides of nitrogen. [Analytical Chemistry; v1753 -1755; 1997.] [Environmental 

Science and Technology; v35; 2543-2547; 2001.] 

 

Carbon Monoxide - CO, a toxic, odorless, colorless gas produced during 

fossil fuel or biomass burning. Compound consisting of one carbon and one 

oxygen. Except for carbon dioxide, it is one of the longest lived naturally occurring 

atmospheric carbon compounds (this wording is meant to exclude 

chlorofluorocarbons). The recent change in tropospheric CO content may portend a 

change in the balance between oxidants and reductants in the atmosphere. [Journal 

of Geophysical Research; v95; 16443-16450; 1990.] [Scientific American; v261; 

82-88; 1989.] 

Chemical Lifetime - The length of time a chemical species can survive 

without reacting, photolyzing, dissociating, or otherwise changing into another 

chemical species. Highly reactive chemicals have short lifetimes. For instance, if 

the reaction rate of a target species with an attacking species is very fast then the 

lifetime of the target species will be short. For example, the reaction of smalls 

radicals like hydroxyl radical in the troposphere is very fast with many common 

tropospheric species, and therefore the tropospheric lifetime of hydroxyl radical is 

measured in seconds. [Environmental Science and Technology; v27; 1448-1452; 

1993; DOI:10.1021/es00044a022] [Nature; v 350; pages 406-409; 1991; 

DOI:10.1038/350406a0] [Atmospheric Environment; v34; 5271-5282; 2000; 

DOI:10.1016/S1352-2310(00)00345-9] 

Chloracne - A painful, disfiguring condition similar to common acne that it 

caused by people being exposed to high concentrations of PCB's (polychlorinated 

biphenyls). It is a biological response to the exposure of different types of 

organochlorine compounds. [Pollution Engineering; v29n10; 7; 1997.] [Pollution 



Engineering; v28n9; 73; 1996 Sept.] [Chemosphere; v60; 898-906; 2005.] 

[Toxicology; v229; 101-113; 2007.] 

 

Chlorine - Cl2, molecular chlorine. In the stratosphere, atomic (radical) 

chlorine is very destructive because it depletes the greatly needed ozone layer 

which protects the earth from ultraviolet radiation from the sun. In the Antarctic 

stratosphere, molecular chlorine along with nitric acid are formed by the reaction 

of hydrogen chloride and chlorine nitrate--both stratospheric chlorine reservoir 

species. This process occurs on polar stratospheric clouds which serve as the 

reaction sites. Once formed, Cl2 vaporizes into the surrounding air as nitric acid--

also formed in that process--binds with the ice matrix. Cl2 is then photodissociated 

in sunlight (lambda <= 450 nm) into chlorine radicals. These chlorine radicals then 

catalytic destroy ozone. [Graedel, T. E. and Crutzen, Paul J. Atmospheric Change, 

An Earth System Perspective. pgs 145-6. W. H. Freeman and Company, 1993.] 

[Science; v292; 61-63; 2001.] 

Chlorofluorocarbons-CFCs - Very stable chemical compound, used in 

refrigerants, solvent, and (in the past in the U.S. ) aerosols, which release chlorine 

(important) and fluorine (less important) into the upper atmosphere. In the 

stratosphere, CFCs are photolyzed (by incoming solar UV) to form carbon dioxide, 

CO2, hydrogen fluoride, HF, and ultimately (after multiple UV absorption events) 

chlorine radicals. These chlorine species are crucial in the destruction of the ozone 

layer over Antarctica and probably elsewhere (see chlorine). [Environmental 

Science and Technology; v 28; pages 1619-1622; 1994.] 

Climate - Determined by the daily weather interactions over many years. 

Characteristics used in determining climate are temperature, precipitation, 

humidity, sunshine, and cloudiness, wind, and air pressure. Climatologists describe 

climate in terms of average temperature and precipitation amounts. [Journal of 

Climate. v 1, 775, 1988.] [Journal of Climate. v 1, 789, 1988.] 

http://www.c-f-c.com/supportdocs/cfcs.htm


Cloud - Condensed water vapor floating in air. They can take many different 

shapes due to wind patterns and moisture content. They play an important part in 

the world's weather because of the water they bring and because of their radiative 

properties vis a vis global warming. [Chemical and Physical Meteorology. v 41, 2, 

1989.] [The Astrophysical Journal. v 333, 617, 1988.] 

Cloud Condensation Nuclei (CCN) - Condensed water vapor that is so 

small that it can only be seen through a microscope. CCN are actually the center of 

the droplet. Many of these nuclei are tiny salt particles, sulfate or nitrate aerosol, or 

small particles present in smoke. See dimethyl sulfide. Most droplets measure from 

1/2,500 to 1/250 inch (0.01 to 0.1 millimeter) in diameter. [Journal of Applied 

Meteorology. v 32, 666, 1993.] [Journal of Aerosol Science. v 23 supp. page S865, 

1992.] 

Coarse Mode Particles - are particles that are roughly defined as having 

larger than two micrometers in diameter.  They come form sea sprays, volcanoes, 

crushing or grinding of rocks, wind blown soil, and account for about 95% of the 

aerosol particles in ambient air. [Journal of Geophysical Research; v113; D05212; 

DOI:10.1029/2007JD009052] 

Column Ozone - The total amount of ozone that is found in a column of air. 

The majority of this amount of O3 is typically found in the stratosphere. [Journal 

of Geophysical Research, v 95, 13883, 1990.] [Journal of Geophysical Research, 

v94, 13883, 1989.] 

Condensation - (Gaseous) water vapor that begins to change to tiny water 

droplets (a liquid state) or ice crystals when the air gets cold enough. This process 

begins at the dew point. Energy required to vaporize the water is released, about 

585 cal/g of water at 20 degrees Celsius. [Physical Review, v 38, 5303, 1988.] 

[Oceanography; Thurman, Harold; 513; 1994; Macmillan, New York.] 

Trace Gases - These are gases in the atmosphere that do not occur in large 

quantities but are significant to life on Earth or are important constituents of the 



chemical cycles in the atmosphere. [Journal of American Hygienist Association; 

v54; 639-46; 1993.] [Atmospheric Environment B; v27B; 275-82; 1993.] 

 

Trade Winds - Wind systems occupying most of the tropics, which blow 

from 30 degrees North and South toward the equator; winds are northeasterly in 

the Northern Hemisphere and southeasterly in the Southern Hemisphere. [An 

Introduction to the World's Oceans; 5th edition; p493; 1997.] 
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