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“If it can be broke then it can be fixed, if it can be fused then it can be split

It's all under control

If it can be lost then it can be won, if it can be touched then it can be turned

All you need is time

We promised the world we'd tame it, what were we hoping for?

A sense of purpose and a sense of skill, a sense of function but a disregard

We will not be the first, we won't”

From The Pioneers by Russell Lissack, Gordon Moakes, Kele Okereke and Matt
Tong (2005).
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Abstract

This thesis presents research at the interface of the e-Science and atmospheric chemistry

disciplines. Two inter-related research topics are addressed: first, the development of

computational models of the troposphere (i.e. in silico experiments); and secondly,

provenance capture and representation for data produced by these computational models.

The research was conducted using an ethnographic approach, seeking to develop in-depth

understanding of current working practices, which then informed the research itself. The

research focused on the working practices of a defined research community; the users and

developers of the MCM (Master Chemical Mechanism). The MCM is a key data and

information repository used by researchers, with an interest in atmospheric chemistry,

across the world.

A computational modelling system, the OSBM (Open Source Box Model) was

successfully developed to encourage researchers to make use of the MCM, within their in

silico experiments. Taking advantage of functionality provided by the OSBM, the use of

in situ experimental data to constrain zero dimensional box models was explored.

Limitations of current methodologies for constraining zero dimensional box models were

identified, particularly associated with the use of piecewise constant interpolation and the

averaging of constraint data. Improved methodologies for constraining zero dimensional

box models were proposed, tested and demonstrated to offer gains in the accuracy of the

model results and the efficiency of the model itself.

Current data generation and provenance related working practices, within the MCM

community, were mapped. An opportunity was identified to apply Semantic Web

technologies to improve working practices associated with gathering and evaluating

feedback from in silico experiments, to inform the ongoing development of the MCM.

These envisioned working practices rely on researchers, performing in silico experiments,

that make use of the MCM, capturing data and provenance using an ELN (Electronic

Laboratory Notebook). A prototype ELN, employing a user-orientation approach to

provenance capture and representation, was then successfully designed, implemented and

evaluated. The evaluation of this prototype ELN highlighted the importance of adopting a

holistic approach to the development of provenance capture tools and the difficulties of

balancing researchers’ requirements for flexibility and structure their scientific processes.
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Glossary of Terms

ELN: Electronic Laboratory Notebook, a computer-based tool for the

capture of data and provenance.

EUROCHAMP: integration of EUROpean simulation CHAMbers for

investigating atmospheric Processes.

EXACT: Effects of the oXidation of Aromatic Compounds in the

Troposphere, a series of chamber experiments focussed on

developing understanding of the degradation of aromatic

compounds in the troposphere.

In silico experiments: Experiments that simulate physical systems using computational

resources (e.g. developing a computational model of the

chemistry taking place in the troposphere).

In situ experiments: Experiments that take place in the field (i.e. outside the

controlled environment of the laboratory).

In vitro experiments: Experiments that take place in a laboratory setting.

MCM: The Master Chemical Mechanism, a quantitative description of

the complex chemical processes taking in the troposphere. The

MCM is a key information resource used across the atmospheric

chemistry community.

OSBM: Open Source Box Model, a modelling system for MCM users,

the development of which is described in Chapter 3.

SMD: Semantic MetaData, a description of some data (i.e. metadata)

expressed using Semantic Web standards.
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SOAPEX: Southern Ocean Atmospheric Photochemical EXperiment, a

field campaign focussed on developing understanding of the

chemistry of clean air.

TORCH: Tropospheric ORganic CHemistry experiment, a field campaign

focussed on developing understanding of the chemistry of air

polluted by anthropogenic emissions.
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approach, where the researcher embeds himself or herself within the community that they

are studying; this enables the researcher to make use of first-hand experiences to inform

his or her research. The benefit of adopting an ethnographic approach is that I was able to

develop in-depth understanding of the processes, people and science that underpin the

atmospheric chemistry domain considered in this thesis. This benefit came at the cost of

developing a broader, more objective understanding of the problem domain than might

have been developed if I had adopted the role of a more passive observer.

Emergence of research objectives: The research objectives, presented in the following

sub-section, emerged over the course of my PhD. The study of provenance for data

produced by computational models was motivated and informed by first-hand experiences

and observations of issues with current working practices (in this case the use of the

laboratory notebook to record provenance).

1.2 Research objectives

Having described the project and research approach above, the four research objectives

addressed within this thesis are presented; each objective is described in turn below.

1. Develop an open source modelling system: to make it easier for atmospheric

chemistry community members to develop computational models using the MCM

(addressed in Chapter 3).

2. Explore the role of experimental data in configuration of atmospheric

chemistry models: specifically the impact of the frequency of the experimental

data, and the interpolation method used to determine the value of a variable in

between data points (addressed in Chapter 4).

3. Explore the role of provenance in current working practices: mapping current

data-generating working practices, and associated provenance capture practices,

to identify opportunities to apply e-Science technologies to reengineer working

practices and add value (addressed in Chapters 5 and 7).

4. Design, develop and evaluate a tool to facilitate provenance capture: based

upon the opportunities, identified as part of objective 3, deliver a tool to support

the capture and structuring of provenance for data generated by computational

models (addressed in Chapters 8, 9 and 10).
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1.3 Thesis structure

Chapter 2: Provides background to the chemistry research presented in this thesis,

focusing on the relevant atmospheric chemistry and the role of

computational modelling.

Chapter 3: Describes the design, development and testing of an Open Source Box

Model (OSBM), a modelling system intended to make the MCM a more

accessible and usable information source across the atmospheric

chemistry community.

Chapter 4: Explores the impact of constraint implementation on modelled radical

concentrations, where constraint implementation is a means of

configuring a computational model using experimental data.

Chapter 5: Outlines data-generating working practices across the atmospheric

chemistry community and identifies the capture of provenance for data

produced by computational models, as an area where opportunities exist

to re-engineer working practices and apply e-Science technologies to add

value. An Electronic Laboratory Notebook (ELN), the subject of the

following chapters, is proposed as a means of exploiting these

opportunities. Background to this e-Science research is also provided.

Chapter 6: Describes the methodology used to develop and evaluate the ELN.

Chapter 7: Maps the current working practices of researchers; capturing provenance

for data produced by computational models.

Chapter 8: Describes the design of the ELN, considering: the interactions between

the ELN user and the ELN; and the design of the information structures

used to represent the provenance captured by the ELN.

Chapter 9: Describes the implementation of the ELN, considering the technologies

used to realise an ELN prototype.

Chapter 10: Describes the evaluation of the ELN prototype; exploring the responses

of two members of the atmospheric chemistry community to the

prototype, and identifying implications for the ELN design and

implementation.

Chapter 11: Draws together the conclusions of the research presented in this thesis,

and outlines potential future work that could build upon this research.
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Chapter 2 An Introduction to Atmospheric Chemistry

As described in the first chapter, the research presented in this thesis is a result of a multi-

disciplinary research project seeking to develop knowledge in the fields of atmospheric

chemistry and e-Science. This research is firmly grounded in the atmospheric chemistry

domain and this chapter provides general background to the research presented in this

thesis, and detailed background for the model development research presented in Chapters

3 and 4. This chapter consists of six sections: first, the question “why study atmospheric

chemistry?” is addressed; secondly, the structure of the atmosphere is described; thirdly,

some key elements of the chemistry taking place in the atmosphere are described; next, an

overview of the structure and core activities of the atmospheric chemistry community is

presented; in the penultimate section, the computational models considered throughout

this thesis are described; and finally, the Master Chemical Mechanism (MCM), a key

information source for the atmospheric chemistry community is described.

2.1 Why Study Atmospheric Chemistry?

The goal of atmospheric chemistry research is to develop understanding of the

composition of the atmosphere and the chemical processes taking place within it. The

factors that motivate this goal emerge from the complex inter-relationship between

humans and the composition of the atmosphere.

Many aspects of human life are impacted by the composition of the atmosphere including:

human health, particularly in relation to the respiratory and cardiovascular systems; and,

the social, political and economic landscape in which we live. Human health is impacted

upon by the air quality we experience; and, the social, political and economic landscape in

which we live is affected by the climate, and climate change trends (which are related to

atmospheric composition, along with many other variables).

The composition of the atmosphere is impacted by many human activities, including: the

emissions of chemical species through industrial processes, transportation etc.; and the

way in which land is used and developed (e.g. cities create concentrated emission sources

and change the atmospheric dynamics at a local level).
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developed by atmospheric chemistry research. In the future, as improving computational

resources enable ever more complicated climate models to be developed, it is likely that

these interactive descriptions will be incorporated.

2.2 Atmospheric Structure

This section describes the structure of the atmosphere, in terms of the temperature profile

with increasing distance from the Earth’s surface. The atmosphere can be considered to be

composed of four layers [4], as shown in the Figure 2.1, where a new layer is defined at a

change in the sign of the temperature gradient2. The heights of the boundaries between

layers vary, and are dependent on atmospheric conditions and latitude. The four layers are:

the troposphere, the stratosphere, the mesosphere, and the thermosphere. The research in

this thesis focuses on chemistry taking place in the troposphere, so only the structure of

the troposphere is considered in detail below.

Temperature inversions: a temperature inversion is defined as a region of the atmosphere

where the lapse rate is negative [4]. Where lapse rate is defined as the rate of decrease of

temperature with altitude [4]. So, temperature inversions are layers of warmer air, on top

of cooler air and are very stable with regard to vertical transport of air/matter.

2.2.1 Structure of the Troposphere

This sub-section describes the physical characteristics of the troposphere, where the

majority of chemical material in the atmosphere resides. The troposphere itself can be

considered to consist of three sub layers: the surface layer; the boundary layer; and, the

free troposphere; each of these layers is described below.

2 A positive temperature gradient sees the temperature of the atmosphere increase with
increasing distance from the earth’s surface. Conversely, a negative temperature gradient
sees the temperature decrease with increasing distance.
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Figure 2.1: Atmospheric structure and temperature profile [5]. Showing the atmosphere

divided into four sections: the troposphere; the stratosphere; the mesosphere; and the

thermosphere.

The surface layer: A typical height for the surface layer is from the Earth’s surface to

between 50-300 m. The surface layer is characterised by the influence of the local

landscape on its chemical composition and transport mechanisms [6]. The rough surface

of the Earth causes turbulence, ensuring that the surface layer is well mixed. Heating takes

place due to radiation (from the Earth’s surface), convection and conduction. The surface

layer is the most critical in terms of air quality, as it is the composition of this layer that

results in population exposure and determines the health effects of air quality and

pollution. During the night, due to the relative rates of cooling of the surface and the

atmosphere, temperature inversions can occur at the boundary of the surface layer. Such

inversions can prevent transport to the boundary layer, restricting the movement of

pollutants. This phenomenon can lead to a build up of pollutants, severe winter episodes

of this type have been experienced in the UK in 1991 and 2001 [7].

The boundary layer: The boundary layer typically occupies a region 300-3000 m above

the earth’s surface. Again this layer is well mixed, in this case due to convective mixing.

The upper edge of the boundary layer is characterised by a small temperature inversion
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during the day, ensuring that the transfer of chemical matter to the free troposphere is

slow, trapping pollutants.

The free troposphere: The free troposphere typically occupies a region 3000-20000m

above the Earth’s surface, and is characterised by convective heating and a negative

temperature gradient. The negative temperature gradient is a result of the reduced

radiative heating effects of the Earth’s surface with increasing height. The upper boundary

of the free troposphere is the tropopause, at this point a temperature inversion occurs, with

the temperature gradient becoming positive in the stratosphere.

2.3 Chemistry in the Troposphere

This section provides an overview of some important chemical processes that take place

within the troposphere, focussing on the chemistry of the hydroxyl radical (OH), volatile

organic compounds (VOCs)3 [8], NOx (NO + NO2) and ozone. The overview provides

background relevant to Chapter 4, where the computational modelling of hydroxyl radical

concentrations on short timescales is explored. Three key components of the chemistry

taking place in the troposphere are described below: first, the chemistry of the hydroxyl

radical; secondly, the reactions involved in the degradation of a VOC; and thirdly, ozone

generation processes.

2.3.1 Hydroxyl Chemistry

A key chemical species in atmospheric chemistry is the hydroxyl radical, OH. Although

OH occurs in relatively small concentrations it drives many reactions in the atmosphere.

This is because the vast majority of VOCs in the troposphere cannot be removed by

deposition and none react with oxygen or nitrogen (the main constituents of the

atmosphere). Given the absence of other reactions, and as OH is very reactive, it is

involved in the initiation of many of the VOC degradation pathways [4]. A degradation

3 VOCs (Volatile Organic Compounds) are ozone pre-cursors and comprise a wide range
of chemical compounds including hydrocarbons (alkanes, alkenes, aromatics), oxygenates
(alcohols, aldehydes, ketones, ethers) and halogen containing species. VOCs are emitted
from anthropogenic sources (such as industry and transportation) and from biogenic
sources (such as trees and other plants).
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dynamic requirements, e.g. local scale modelling of in situ measurements, in order to test

the performance of the chemical mechanism. These mechanisms can contain a large

number of elementary reactions, often in excess of 10000, and so are too computationally

expensive to implement within global and regional models. In such cases, mechanisms of

much lower dimension are used, ideally based on objective reduction and lumping of the

detailed mechanisms, providing a link between the global and regional scale models, and

fundamental chemical kinetics.

Having presented an overview of the structure of and activities conducted by the

atmospheric chemistry research community, the remainder of this section provides details

for each of the key community activities, starting with field studies.

2.4.2 Field Studies

The focus of a field study is to make in situ measurements in the atmosphere and generate

understanding of the chemical processes taking place in the atmosphere, through the

interpretation of these measurements. Field studies are conducted across the globe, in

varying conditions and focussing on various chemical species. Field studies take place in

both polluted and non-polluted environments. Studies in non-polluted environments, such

as Mace Head (Ireland) [14] and Cape Grim (Tasmania) [15] [16], where air has travelled

over oceans for a number of days, provide an opportunity to understand the chemistry

taking place in very clean air. Studies in polluted environments, such the TORCH field

campaign (Tropospheric Organic Chemistry experiment) [17], enable insight to be

generated into the effects of anthropogenic emissions. Field studies in areas where there

are significant biogenic emissions (usually VOCs), such the BEMA (Biogenic Emissions

in the Mediterranean Area) project [18], enable insight to be generated into the role of

biogenics in determining the composition of the troposphere. Computational modelling

plays an integral role in the analysis of field study data. Feedback, between field studies

and computational models, is provided in both directions with modelling helping to

explain observed phenomena and field studies aiding the development of increasingly

realistic models.
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Two types of constraints, serving different purposes, are used during model development;

each constraint type is described below.

Environmental conditions: such as photolysis rates, temperature, relative humidity and

solar declination, influence the chemistry taking place within the model. Within the model

these conditions are implemented as variables, which take their values from the

appropriate constraint dataset. The value of the variable at a given time is determined by

the internal model time and either data interpolation methods (where the conditions are

discrete) or a simple formula (where these are known). The purpose of environmental

constraints (along with other parameters) is to place the model at the physical and

temporal location of the field campaign.

Chemical constraints: The purpose of the chemical constraints is to provide the model

with information about the air mass at the field campaign location at a given time. This

eliminates the need to model constrained species entering or leaving the conceptual box.

Chemical constraints can be implemented for any subset of chemical species, but are

usually implemented for species such as Volatile Organic Compounds (VOCs), NO, NO2,

CH4, CO2, HCHO etc. [14] [16]. These constraints are effectively steering the

computational model, based upon observations of the physical system, after the initial

time.

This section has provided background on the use of box models, in conjunction with field

and chamber studies, including a general mathematical specification for box models and

the role constraints play in the modelling process. The discussion now progresses to

consider the role of the MCM (Master Chemical Mechanism) in developing box models,

in the final section of this chapter.

2.6 A Master Chemical Mechanism

Research on elementary reactions and chemical mechanisms is conducted in laboratories

throughout the world. The Master Chemical Mechanism (MCM) [29] [30] [31] is the

leading detailed chemical mechanism and is used across the international research

community. The MCM describes the chemistry occurring in the troposphere (i.e. the lower

atmosphere). It is used both directly in local scale models and to evaluate smaller lumped
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mechanisms used in global and regional atmospheric models. The box models considered

in this thesis make use of the MCM to describe the chemistry taking place at a given field

campaign location or within a chamber. Typically, a researcher will take the MCM and

then tailor the mechanism to the specific requirements of the system being modelled.

The MCM is an explicit chemical mechanism developed by Jenkins et al. in 1997 [29],

and subsequently updated in 2003 [30, 31], to reflect the advances in knowledge of

atmospheric chemistry. The processes involved in constructing the MCM are described in

detail in Chapter 5 of this thesis. The version currently available to the atmospheric

chemistry community (and any other interested party) is MCM (v3.1)

(http://mcm.leeds.ac.uk/MCM/). MCM (v3.1) includes the degradation schemes for 135

VOCs, describing their complete degradation (which ends with the final oxidation to CO2

and H2O).

The MCM was originally developed with support from the UK Department for

Environment, Food and Rural Affairs (DEFRA). The goal of developing the MCM was to

provide a chemical mechanism, incorporating the cutting edge of scientific knowledge,

that describes the degradation of VOCs and the production of secondary photochemical

pollutants (such as ozone). The target application for the MCM is inclusion in air quality

models for the boundary layer over continental Europe and the UK. The models seek to

derive scientific knowledge and inform policy decisions, such as emission regulations for

a given chemical species.

Chapter Summary

This chapter has provided background to the research presented in this thesis; the

fundamentals of atmospheric chemistry have been discussed, including the structure of the

atmosphere and key chemical reactions taking place within it. The motivation for studying

atmospheric chemistry and the research community that has evolved to study atmospheric

chemistry have also been described. Detailed background has also been provided for

Chapters 3 and 4, describing the role of zero dimensional box models and the Master

Chemical Mechanism. The next chapter describes a modelling system that aims to

facilitate the development of box models (for field and chamber studies) that make use of

the MCM.



43

References

1. Jacobson, M.Z., Atmospheric Pollution: history, science and regulation. 2002,
Cambridge: Cambridge University Press.

2. Bernstein, L., et al., Climate Change 2007: Synthesis Report. 2007, Cambridge,
United Kingdom and New York, NY, USA: Cambridge University Press.

3. Randall, D.A., et al., Climate Models and Their Evaluation, in Climate Change
2007: The Physical Science Basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change, S.
Solomon, et al., Editors. 2007, Cambridge University Press: Cambridge, United
Kingdom and New York, NY, USA.

4. Wayne, R., Chemistry of Atmospheres. 2nd ed. 1991, Oxford: Clarendon Press.
5. Structure of the atmosphere. 23rd November 2006 [cited 14th June 2007];

Available from:
http://www.partnersinair.org/en/images/curr_unit1a_bkgd_figure11.jpg.

6. Sommariva, R.C., Understanding Field Measurements through a Master
Chemical Mechanism, in School of Chemistry. 2004, University of Leeds.

7. Defra AQ Brochure 2004. 2004 [cited 12th February 2008]; Available from:
http://www.airquality.co.uk/archive/reports/cat05/0408161000_Defra_AQ_Broch
ure_2004_s.pdf.

8. Atkinson, R., Atmospheric chemistry of VOCs and NOx. Atmospheric
Environment, 2000. 34(12-14): p. 2063-2101.

9. Bernstein, J.A., et al., Health effects of air pollution. Journal of Allergy and
Clinical Immunology, 2004. 114(5): p. 1116-1123.

10. Bell, M., et al., Climate change, ambient ozone, and health in 50 US cities.
Climatic Change, 2007. 82(1): p. 61-76.

11. The Air Quality Strategy for England, Scotland, Wales and Northern Ireland,
DEFRA, Editor. 2007.

12. Directive 2008/50/EC of the European Parliament and of the Council of 21 May
2008 on ambient air quality and cleaner air for Europe. 2008.

13. Seinfeld, J.H. and S.N. Pandis, Chemistry of the Troposphere, in Atmospheric
Chemistry and Physics - From Air Pollution to Climate Change (2nd Edition).
2006, John Wiley & Sons.

14. Heard, D.E., et al., The North Atlantic Marine Boundary Layer Experiment
(NAMBLEX). Overview of the campaign held at Mace Head, Ireland, in summer
2002. Atmos. Chem. Phys., 2006. 6(8): p. 2241-2272.

15. Monks, P.S., et al., Fundamental ozone photochemistry in the remote marine
boundary layer: the soapex experiment, measurement and theory. Atmospheric
Environment, 1998. 32(21): p. 3647-3664.

16. Sommariva, R., et al., OH and HO2 chemistry in clean marine air during
SOAPEX-2. Atmos. Chem. Phys., 2004. 4(3): p. 839-856.

17. Emmerson, K.M., et al., Free radical modelling studies during the UK TORCH
Campaign in Summer 2003. Atmos. Chem. Phys., 2007. 7(1): p. 167-181.

18. Kesselmeier, J., et al., Emission of monoterpenes and isoprene from a
Mediterranean oak species Quercus ilex L. measured within the BEMA (Biogenic
Emissions in the Mediterranean Area) project. Atmospheric Environment, 1996.
30(10-11): p. 1841-1850.

19. Blitz, M.A., et al., Laser induced fluorescence studies of the reactions of O(1D)
with N2, O2, N2O, CH4, H2, CO2 , Ar, Kr and n-C4H10. Phys. Chem. Chem.
Phys., 2004. 6: p. 2162-2171.



44

20. Baeza-Romero, M.T., et al., A combined experimental and theoretical study of the
reaction between methylglyoxal and OH/OD radical: OH regeneration. Physical
Chemistry Chemical Physics, 2007. 9(31): p. 4114-4128.

21. Bossmeyer, J., et al., Simulation chamber studies on the NO3 chemistry of
atmospheric aldehydes. Geophys. Res. Lett., 2006. 33.

22. Bloss, C., et al., Evaluation of detailed aromatic mechanisms (MCMv3 and
MCMv3.1) against environmental chamber data. Atmos. Chem. Phys., 2005.
5(3): p. 623-639.

23. Zádor, J., et al., Measurement and investigation of chamber radical sources in the
European Photoreactor (EUPHORE). Journal of Atmospheric Chemistry, 2006.
55(2): p. 147-166.

24. Baik, J., Y. Kang, and J. Kim, Modeling reactive pollutant dispersion in an urban
street canyon. Atmospheric Environment, 2007. 41(5): p. 934-949.

25. Ziomas, I.C., et al., Ozone episodes in Athens, Greece. a modelling approach
using data from the medcaphot-trace - an outline. Atmospheric Environment,
1998. 32: p. 2313-2321.

26. Bousquet, P., et al., Contribution of anthropogenic and natural sources to
atmospheric methane variability. Nature, 2006. 443(7110): p. 439-443.

27. Graedel, T.E. and P.J. Crutzen, Atmospheric Change: An Earth System
Perspective. 1993, New York: W. H. Freeman and Company.

28. Cohen, S., D. and A. C. Hindmarsh, CVODE: A Stiff/Nonstiff ODE Solver in C.
Computers in Physics, 1996. 10(2): p. 138-143.

29. Saunders, S.M., et al., World wide web site of a master chemical mechanism
(MCM) for use in tropospheric chemistry models. Atmospheric Environment,
1997. 31(8): p. 1249-1249.

30. Saunders, S.M., et al., Protocol for the development of the Master Chemical
Mechanism, MCM v3 (Part A): tropospheric degradation of non-aromatic volatile
organic compounds. Atmos. Chem. Phys., 2003. 3(1): p. 161-180.

31. Jenkin, M.E., et al., Protocol for the development of the Master Chemical
Mechanism, MCM v3 (Part B): tropospheric degradation of aromatic volatile
organic compounds. Atmos. Chem. Phys., 2003. 3(1): p. 181-193.













50

3.3 Requirements

In this sub-section requirements are presented, detailing the way in which the user

community wishes to use the OSBM. Two components are presented: first, the

methodology used to capture requirements; and secondly, the requirements specification.

3.3.1 Requirements Capture Methodology

The requirements specification was first defined whilst I was becoming embedded within

the atmospheric chemistry modelling community. The requirements specification evolved

over the course of the OSBM development, as feedback was provided by potential users,

to the state presented in the later part of this section. The specification for the OSBM was

developed using two requirements capture methods: discussion with key members of the

MCM user and development community; and inspection of existing models and modelling

systems. The role of each these requirements capture methods is discussed in further detail

below.

Discussions: Informal discussions were conducted with members of the University of

Leeds Atmospheric Chemistry Modelling Research Group, in order to determine the key

functionality required and to identify development priorities. These informal discussions

took place with researchers and research group leaders, to ensure the requirements of

these two stakeholder groups were understood. Both functional (i.e. the functionality the

OSBM should present to the user) and non-functional requirements (such as ease of

deployment, and technologies to be used) were captured during these informal

discussions.

Inspection: By inspecting a number of models, implemented using FACSIMILE, an

understanding was developed of the detailed functional requirements for the OSBM. The

models inspected had generated published results and scientific insight, and had been

archived by the research group in an informal file store. The owners of these models were

not available to support their inspection, so a line-by-line walk-through of the model

source code was required to develop a full understanding of a given model’s features. The

OSBM was then developed to support re-implementation of each of the models

considered. The models inspected included: field models from the SOAPEX-2 [5] and

TORCH-2 [6] campaigns; and chamber models from the EXACT [7] campaign.



51

3.3.2 Requirements Specification

Having described the requirements capture methodology in the preceding sub-section, the

requirements specification is now presented.

1. Functional scope

1.1. The OSBM should provide functionality to support the development of both

chamber and field models, enabling:

1.1.1. Mechanisms to be extracted from the MCM and be used directly as input;

1.1.2. Species and environmental variable constraints to be implemented;

1.1.3. Models to be configured without the need to edit the OSBM source code;

1.1.4. Output to be obtained for species concentrations and the rates of

reactions.

2. Efficiency

2.1. The OSBM should be of comparable efficiency to FACSIMILE. The benchmark

time for the execution of a field model containing the full MCM, simulating 2

days, is around 2 to 3 hours (dependent on model constraints and starting

conditions).

3. Usability

3.1. Installation: installing the OSBM should be possible without expert knowledge,

on both Windows and Unix platforms.

3.2. Example models should be provided.

3.3. The OSBM should provide meaningful error messages, directing the user to the

source of the error.

4. Mathematical options

4.1. The OSBM should provide the option to use a variety of numerical methods.

This provides the expert user with the ability to choose a solver and optimise it

according the problem specification. This also provides users with the option to

compare the results of several numerical methods, as a simple validity check.

5. User interfaces

5.1. Source Code: The source code for the OSBM should be well commented and

modular, to facilitate custom modifications by end users.
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5.2. Graphical User Interface: The GUI should enable users, without programming

skills, to access the OSBM, allowing key variables to be modified and perform

basic model configuration to be performed.

5.3. Web Service: The web service should provide similar functionality to GUI.

6. Documentation

6.1. Comprehensive documentation should be provided enabling users to install and

use the generic model with minimal effort.

This section has provided an overview of the requirements for the OSBM. The

requirements specification presented above is not exhaustive, and is presented to provide

an overview of the requirements of potential OSBM users.

3.4 OSBM Design

This section considers the design of the OSBM (as shown in Figure 3.1). The OSBM

design was developed based upon the requirements specification presented in the

preceding section of this chapter. The OSBM design emerged as the modelling

functionality was iteratively developed and is presented below in its current state.

Figure 3.1 presents the OSBM architecture and consists of five components: first, a user

interface layer; secondly, a model configuration layer; thirdly, a mechanism format

conversion component; fourthly, a modelling logic layer, which translates the model

configuration into a set of coupled ODEs (Ordinary Differential Equations); and finally,

an ODE solver. Each component of the architecture is described in briefly below.

3.4.1 User Interface Layer

The user interface layer provides the user with three distinct interfaces to the OSBM; each

of these interfaces is described in detail below.

Command line interface

The OSBM can be compiled and executed from the command line, with model input files

edited in the user’s choice of text editor. Full access is provided to the model source code,

to allow an experienced modeller the opportunity to customise the OSBM to their specific

requirements.
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Figure 3.1: OSBM system architecture.

Graphical user interface

The OSBM can be accessed via a graphical user interface (GUI), allowing the model to

compiled, executed and configured using a single application. The GUI provides a user

with a simple, well-defined means of accessing the OSBM, but lacks the flexibility of the

command line interface. An example of the GUI interface is presented below.

One of the main activities involved in using the OSBM is editing the chemical

mechanism. The elements of the interface for developing a mechanism for a chamber

model are shown below in Figure 3.2 (the interface for developing a mechanism for a field

model is similar, but slightly simplified). The OSBM interface divides the chemical

mechanism into six components; a tab for each component is shown across the top of the

mechanism development interface screenshot Figure 3.2.

1. The main mechanism, describing the degradation of VOCs (typically a user will

extract this mechanism from the MCM, and tailor it to their requirements).

2. The inorganic mechanism, describing the chemistry taking place between

inorganic chemical species (again typically a user will take this mechanism from

the MCM).



54

3. The auxiliary mechanism, describing reactions specific to the chamber being

modelled (e.g. the reactions taking place on the wall of the chamber). The

auxiliary mechanism will typically be determined by a set of independent,

characterisation experiments within the chamber in question.

4. The dilution of stable species, describing the loss of chemical species from the

chamber, due to leakage.

5. The RO2 summation, defines a set of species (within the mechanism) as peroxy

radicals [8] (e.g. CH3O2 and CH3CO3). This allows the model to output a sum of

the concentrations of all the peroxy radicals, at a given time, a useful value when

analysing model output data.

6. The NOy summation, defines a set of species containing nitrogen and oxygen

(e.g. NO2 + NO3 + HNO3 + HONO). As with the RO2 summation, the NOy sum

is useful in the analysis of model output data.

Each of these components are combined to provide a full representation of the

mechanism, which the OSBM user can review prior to running the model, accessible from

the “Full Mechanism” tab.

Figure 3.2: Mechanism development interface (Main Mechanism tab), allows the user to

configure the mechanism describing the degradation of VOCs (within the model). The

user can browse for and extract a mechanism (in a FACSIMILE format). This file will

typically be downloaded from the MCM in the first instance (a section of the MCM

Isoprene mechanism is shown in this case).
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Web service interface

The OSBM can also be accessed using a web service, allowing an OSBM user to submit

model configuration files, execute their model, and retrieve model results over the

Internet. In this case the OSBM is hosted on a server; provided and maintained by the

MCM support and development team. The key benefit of the web service interface is that

it allows OSBM users to access modelling functionality without the overhead of installing

and maintaining their own copy of the OSBM software.

3.4.2 Model Configuration Layer
The model configuration layer consists of a common representation of the model

configuration, shared by the three user interfaces (as described above). As shown in

Figure 3.1, the model configuration consists of four components, described below.

The mechanism: The mechanism is stored and represented in the FACSIMILE format.

This format provides an intuitive representation of the mechanism that users can view and

manipulate (using one of the interfaces described above). Using the FACSIMILE format

for representing a chemical mechanism has the benefit of adhering to a de facto standard

for representing mechanisms (as used by the MCM).

Constraints: The chemical species and environmental variables to be constrained are

defined, alongside the constraining datasets.

Model parameters: Model parameters (other than the mechanism and constraint set) are

grouped together. These model parameters include: parameters specifying the model

output required; the model start and end time; the model location; etc.

Solver parameters: ODE solver parameters are grouped together, including: the type of

solver to be used; and an array of parameters that determine the way in which the solver

operates. It is anticipated that only experienced users will wish to make use of this

functionality, so a default set of solver parameters will be provided. default set of solver

parameters must be suitable for the vast majority of models, but will not necessarily

deliver optimal solver efficiency.
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3.6.2 Results

For both OSBM-FACSIMILE comparisons, model output is compared for a set of key

species (i.e. those a modeller is typically likely to be interested): OH, HO2, CH3O2, HNO3

and HONO. The model comparison focuses on the OH, HO2 radicals because the

objective of the original models was to develop understanding of the chemistry of these

radicals. CH3O2, HNO3 and HONO are also considered as examples of the wider set of

species being modelled.

3.6.2.1 SOAPEX-2 Results

The results for the comparison of SOAPEX-2 model results are presented in this sub-

section in three parts.

OH concentration comparison: The OH comparison is presented in Figure 3.3, and the

OSBM and FACSIMILE results appear to be practically identical.

HO2 concentration comparison: The HO2 comparison is presented in Figure 3.4, and the

OSBM and FACSIMILE results again appear to be practically identical.

Ratio comparison: The ratio comparison is presented in Figure 3.5 for OH, HO2, CH3O2,

HNO3 and HONO. The OH and HO2 ratios show that, whilst the values produced by

FACSIMILE and the OSBM are not identical, they are indeed very similar: their

agreement is within 1% throughout the course of the two day model run. The largest

fractional difference in OH concentrations occurs at the start of the model run, the time

when the model output is most sensitive to the configuration and behaviour of the ODE

solver. The ratio for CH3O2 shows a profile very similar to the profiles of the OH and

HO2 ratios. The level of agreement for HNO3 and HONO is lower, but remains within 2%.

For HONO the level of agreement is better at night-time and worse during the day. This

relates to the presence of higher HONO concentrations during the night (it is readily

photolysed during the day) and very low concentrations during the day. Conversely,

HNO3 agreement is better during the day and worse during the night-time; this relates to

the presence of higher HNO3 concentrations during the day, and very low concentrations

during the night. This model comparision demonstrates that differences between

FACSIMILE and the OSBM results are greatest when species concentrations are at their
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Figure 3.3: FACSIMILE-OSBM comparison of [OH], 7th-8th February 1999, Australian

Eastern Standard Time (AEST).

Figure 3.4: FACSIMILE-OSBM comparison of [HO2], 7th-8th February 1999, AEST.
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Figure 3.5: OSBM-FACSIMILE concentration ratio comparison of OH, HO2, CH3O2,

HNO3, HONO, 7th-8th February 1999, AEST.

For both OH and HO2 the ratios show better agreement during the day, than the night,

again relating to low radical concentrations during the night. The level agreement for

CH3O2, HNO3 and HONO also typically remains within 5%; although there are a small

number of outlying points up to 10%, particularly for CH3O2.

Origin of differences between the OSBM and FACSIMILE models: The differences

between the results, although larger than the differences between the SOAPEX-2 models,

are not significant (generally < 5%), given the uncertainties involved in the model

considered. Potential causes of the differences, in addition to the potential causes

identified for the SOAPEX-2 model, include differences between the model

configurations in terms of the chemical mechanism and the constraint data used. The

TORCH-2 model is significantly more complex than the SOAPEX-2 model, in terms of

the chemistry used and the constraints applied.
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Figure 3.6: FACSIMILE-OSBM comparison of [OH], 4th-8th May 2004, British Summer

Time (BST).

Figure 3.7: FACSIMILE-OSBM comparison of [HO2], 4th-8th May 2004, BST.
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Figure 3.8: OSBM-FACSIMILE concentration ratio comparison of OH, HO2, CH3O2,

HNO3, HONO, 4th-8th May 2004, BST.

Although every feasible effort was made to ensure that the FACSIMILE and OSBM

models had identical configurations, it is likely that human error played a role in causing

the differences between the model results. This highlights the difficultly in benchmarking

modelling tools, for complex systems, where a substantial challenge is presented in

producing identical model configurations.

This section has provided an overview of some of the testing conducted in order to

establish confidence in the output of the OSBM. Two cases have been considered, field

models of different complexity, benchmarking the OSBM against the well-used

FACSIMILE system.
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3.7 Progress Towards Meeting the OSBM Requirements

Specification

The section briefly describes the progress made towards meeting the requirements

specification, outlined in Section 3.3.2.

1. Functional Scope

All core OSBM functionality has been implemented. A beta version of the OSBM

is currently used by three members of the MCM-user community; who provide

feedback in the form of suggested minor enhancements and fixes.

2. Efficiency

For the SOAPEX-2 model the OSBM is approximately a factor of 10 slower than

equivalent FACSIMILE model (model runtimes of approximately 300 vs. 30

seconds). For the TORCH-2 model the OSBM is approximately a factor of 2 slower

than equivalent FACSIMILE model (model runtimes of approximately 20 hours vs.

10 hours). Further work is required to understand this difference in performance

and optimise the OSBM accordingly.

3. Usability

The OSBM can be installed, on both Windows and Unix platforms. Example

models and error handling are currently in the early stages of development.

4. Mathematical options

The OSBM provides the expert user with option to interact with CVODE, tailoring

the solver configuration to meet their specific requirements.

5. Interfaces

The source code interface has been successfully implemented and tested, the GUI

and web service interfaces are currently being prototyped.

6. Documentation

Comprehensive documentation has yet to be developed.

3.8 Future Work

This section provides an overview of potential future work associated with the

development of the OSBM. In addition to work required to meet the currently

unaddressed components of the requirement specification, there are three main areas of

future work, as discussed below.
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Photo-chemical trajectory model: A photo-chemical trajectory is similar to the static

box models considered in this chapter, but rather than modelling the air packets arriving at

a given location it models an air packet travelling from one point to another. So, the box

follows a defined trajectory, and the contents of the box are determined by the chemical

reactions taking place and the emissions of chemical species from the ground below (as

defined by an emissions inventory). Examples of photo-chemical trajectory models that

could be used to inform the design and development of an Open Source Photo-Chemical

Trajectory Model include those developed by R.G. Derwent [14] [15], which incorporated

the MCM.

Data analysis services: Currently MCM users typically take model output (from either

FACSIMILE or the OSBM) and manually plot graphs (as an initial method of data

analysis), using a package such as Microsoft Excel or Origin. Producing graphs in this

manner is time consuming and error prone; so future work will develop tools that will

integrate with the OSBM to automatically plot graphs and facilitate data analysis. Other

methods of data analysis, including rate of production and loss analysis [5], are typically

performed by customised scripts; future work will develop these scripts to ensure

compatibility with the OSBM and make them sufficiently robust to be distributed with the

MCM, for use by the community.

Composing workflows within in an e-Science environment: Once data analysis

services have been developed, the possibility emerges of composing scientific workflows,

using a workflow management tool such as Taverna [16]. This would further improve the

researcher experience of the model development process, by enabling access to, and

integration with, a variety of e-Science tools (e.g. MyExperiment [17]).

Chapter Summary

This chapter has presented an overview of the development of an Open Source Box

Model, a tool designed to encourage uptake of the MCM across the atmospheric chemistry

community; by providing an easy to use, flexible, open source model development tool

that integrates with the MCM. The understanding of the model development process, that

I gained during this work, formed the basis of the research presented in the remainder of
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this thesis. In the next section the OSBM is used to explore the impact of constraint

methodology, research that would have not been feasible with the tools that pre-date the

OSBM.
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Chapter 4 Exploring Constraint Implementations

This chapter explores the impact of constraint implementations on the modelling of

radical concentrations, in zero-dimensional box models, at high time resolution7. The

research presented in this chapter was conducting using the OSBM, as described in

Chapter 3, and focuses on the impact of constraint implementation on the SOAPEX-2 box

model, introduced in Chapter 3. This chapter consists of three sections: first, the way in

which constraints are implemented is described; secondly, a series of tests, with simplified

box models, are examined in order to understand the impact of constraint

implementations; and thirdly, the impact of constraint implementation is examined for a

complete box model.

4.1 Constraining Box Models

The role of constraints in the development of zero-dimensional box models was

introduced in Chapter 2. This section provides a detailed description of how box models

are constrained.

4.1.1 Implementation of Constraints

This sub-section discusses the implementation of constraints and establishes terminology

for the domain. A constraint implementation has two components, discussed in detail

below.

Constraint data frequency: This is the frequency of the time series for a given constraint

used as an input to the model; it is worth considering an example to clarify this statement.

The source experimental data for [NO], in the SOAPEX-2 campaign [1], has a frequency,

limited by the measurement method, of 1 minute. These data could be used directly as

constraint data, giving a constraint data frequency of 1 minute. Alternatively the source

data could be averaged or sampled, to give data sets with lower frequencies. For example

a 15 minute average/sampled dataset used as constraint input gives a constraint frequency

7 producing modelled radical concentrations that exhibit realistic behaviour on timescales
of less than 15 minutes
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of 15 minutes. The frequency at which constraint datasets are measured varies, from 1

minute for [NO], to over an hour for some VOCs, dependent on the experimental

technique used.

Constraint interpolation method: When a box model runs it requires values for

constrained species or variables at times which are not included in the constraint dataset.

For example if the [NO] constraint data frequency is 15 minute, with the dataset starting at

09:00, and the model requires [NO] at 11:10 the model must determine an appropriate

value for [NO] based on the (time, value) pairs in the constraint data set. Determining this

intermediate value, between data set points, is achieved by the constraint interpolation

method.

4.1.2 Typical Constraint Implementation

The constraint implementation typically used in atmospheric chemistry box models [1, 2]

is to average to 15 minute intervals. These 15 minute datasets are then interpolated, using

piecewise constant interpolation, at model runtime to generate a value for the constrained

parameter, at a given time (as determined by solver step size etc.). This leads to the

stepped profile, as seen in Figure 4.1, between data points.

This typical constraint implementation loses a significant amount of information about

how a physical quantity varies on a sub 15 minute timescale. This is particularly relevant

for the rapidly changing and highly variable constraints, such as photolysis rates. An

example of the source data and 15 minute averaged piecewise constant interpolation data

is presented in Figure 4.1, for J(NO2) data from the SOAPEX-2 campaign, including the

ratio of the two data sets at each minute interval.

Figure 4.1 shows that the differences for the source data introduced by averaging and

interpolation, using the constraint implementation described above, are significant. In the

90 minute time interval considered the difference between the source and processed data

is 20% or greater at 40 of the 90 minute points. And this difference is 50% or greater at 7

of the 90 minute points. Differences of this magnitude in the model constraints are likely

to lead to significantly different model results. The remainder of this chapter seeks to

demonstrate the impact of constraint methodology on model results.
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Figure 4.1: Constraint implementation example, data from the SOAPEX-2 campaign

(January 18th 1999). The graph show J(NO2) source data (at a 1 minute interval), J(NO2)

averaged to 15 minute interval with piecewise constant interpolation, and the ratio of

theses two data sources (i.e. averaged data / source data).

4.1.3 Constraint Implementations to be Explored

This sub-section describes the constraint implementations to be explored, in this chapter,

and consists of two components: first, a discussion of the constraint frequencies

considered; and secondly, a discussion of the interpolation methods considered.

4.1.3.1 Constraint Frequencies

Source data for each of the SOAPEX-2 model constraints were retrieved from the British

Atmospheric Data Centre (BADC). The BADC is responsible for the archiving of field

campaign data, ensuring its availability to the atmospheric chemistry community. In the

remainder of this chapter two constraint frequencies are considered: 15 minute averaged;
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Figure 4.2: J(NO2) constraint frequency comparison (from SOAPEX-2, February 18th

1999); 15 minute averaged and source frequency (1 minute in this case). The variability in

the source data is a result of clouds, passing over the measurement site, and absorbing

solar irradiation.

4.1.3.2 Interpolation Methods

The impact of the following interpolation methods are investigated in this chapter:

piecewise constant (as discussed in Section 4.1.2), piecewise linear, cubic spline [3]. Two

varieties of cubic spline are investigated, one fitted through the source data and the other

fitted through the natural logarithm of the source data (physical values are then given by

the inverse natural log of the interpolated point). A cubic spline through the natural log of

the source data (referred to a cubic spline (ln) in this chapter) is used as crude method of

ensuring that only positive concentrations are interpolated (interpolation to give negative

concentration leads to solver errors and a corruption of the physical system). Each of the

interpolation methods is shown in Figure 4.3, for J(NO2) data taken from the SOAPEX-2

campaign. The plot shows the differences between the interpolation methods in terms of

the value they return at a given time; these differences are particularly evident when

comparing piecewise constant with the other methods.
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The solution recovery tests are now discussed in detail: first, the solution recovery test

method is discussed; secondly, the results of the solution recovery tests are presented; and

thirdly, the conclusions drawn from the solution recovery tests are presented.

4.2.1 Solution Recovery Test Method

The method for conducting solution recovery tests was outlined above. This sub-section

provides additional detail on the solution recovery tests: first, the comparison of results

from the initial model run and subsequent solution recovery model runs is described;

secondly, solution recovery tests for a simplified, unconstrained version of the SOAPEX-2

model are described; thirdly, solution recovery tests for a more realistic, constrained

version of the SOAPEX-2 model are described.

4.2.1.1 Unconstrained Model Tests

This sub-section describes the first set of solution recovery tests conducted for a

simplified, unconstrained version of the SOAPEX-2 model.

Initial Run: The model used for the initial model run for was a simplified version of the

SOAPEX-2 model. All constraints were removed, environmental conditions were

calculated where necessary (photolysis rates, temperature) or assumed a fixed value (e.g.

[H2O], declination), all chemical concentrations were solved for by the OSBM. The initial

conditions of the model, initial chemical concentrations and fixed environmental

conditions, were as the full SOAPEX model.

Processing of baseline concentration dataset: The baseline concentration dataset was

processed to form constraint sets for the following chemical species: NO, NO2, CH4, CO,

HCHO, O3. For each of the following constraint frequencies: 15 minute averaged, 1

minute, source specific.

Solution recovery runs: The constraint datasets for each constraint frequency were

applied, in turn, to the initial model. For each constraint frequency the model was then run

for each of the following interpolation methods: piecewise constant, piecewise linear,

cubic spline, and cubic spline (ln).
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4.2.1.2 Condition-Constrained Model Tests

This sub-section describes the second set of solution recovery tests conducted. This

second set of tests repeats the unconstrained model tests with one key difference: all

model runs were constrained for a set of environmental conditions. Constraining

environmental conditions adds complexity to the solution recovery tests, by producing a

baseline concentration dataset with more variability (than the unconstrained case), so

presenting a more challenging test to the constraint implementations being tested.

Initial Run: The initial model was constrained for J(NO2), J(O1D), [H2O] and temperature

at a source specific constraint frequency and interpolation is performed using a cubic

spline (ln). This constraint implementation for the environmental conditions was made

based on the combination I thought provided the closest match to the physical system. The

processing of the baseline concentration dataset and the solution recovery runs then

proceeded as described for the unconstrained solution recovery tests.

4.2.1.3 Comparison of Model Output

The baseline concentration output dataset could be compared to the solution recovery

output datasets in a number of ways. In this chapter results are compared using the OH

and HO2 concentrations, the concentrations of other species being modelled are not

considered. Two factors played a key role in the selection of OH and HO2 radical

concentrations as the basis upon which to make comparisons: first, OH and HO2 are

amongst the species with the shortest atmospheric lifetimes, and so likely to respond to

changes in constraint implementation over a short timescale; and secondly, radical

chemistry is an important topic in atmospheric chemistry, which is often the focus of in

situ experiments and model development (including the SOAPEX-2 field campaign and

model considered in these solution recovery tests).

4.2.2 Solution Recovery Test Results

The results of the solution recovery tests are presented in three parts: first, the

unconstrained model results, for radical concentrations; secondly, the conditions-

constrained model results, for radical concentrations; and thirdly, the impact of the
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constraint implementation on the model efficiency (i.e. how long the model takes to run)

for both the unconstrained and the conditions-constrained model.

4.2.2.1 Unconstrained Model Test Results

The results of the unconstrained model solution recovery tests are shown below (see

Figure 4.5 to Figure 4.10). Each of the graphs, presents solution recovery results for a

given constraint frequency; with the ratio of the solution recovery results to the baseline

results, plotted for each interpolation method. Four key results from the unconstrained

model solution recovery results are presented below.

Dawn and dusk: In all tests the largest errors in solution recovery occur at dawn

(approximately 06:00) and dusk (approximately 19:00). This is at a time when radical

concentrations are changing most rapidly, and are relatively small (compared to peak

values). Under these circumstances the impact of the interpolation method is accentuated,

leading to larger relative error peaks (around 06:00 and 19:00) see Figure 4.5 to Figure

4.10.

Relative performance of interpolation methods: In all tests the piecewise constant

interpolation is the least successful in recovering the original solution. The performance of

the other interpolation methods is very similar during the day, with some variation in

performance at dusk and dawn. During the day errors introduced by piecewise constant

interpolation are typically an order of magnitude greater than the errors introduced by the

other methods. For example, using 15 minute constraints, see Figure 4.6, piecewise

constant day time errors are around 0.5% compared to 0.02% for piecewise linear and

cubic spline interpolation.

Impact of constraint frequency: For both OH and HO2 the impact of the constraint

frequency is much greater than that of interpolation method. The peak errors at dusk for

day 1 are an order of magnitude smaller for piecewise constant interpolation for the 1

minute compared with the 15 minute interval, see Figure 4.5 and Figure 4.6. The

difference is two orders of magnitude for the equivalent comparison for the other

interpolation methods. Using data on a 1 minute interval with a linear or cubic


