
MODELLING THE LONG-RANGE TRANSPORT 

AND TRANSFORMATION OF AIR 

POLLUTANTS OVER THE SOUTHERN 

AFRICAN REGION 

Gerhardus Dirk Fourie 

M.Sc. (P.U. vir C.H.O.) 

Thesis submitted in fulfilment of the require~nents for the degree 

PHILOSOPHIAE DOCTOR 

in the 

School of Chemistry, Faculty of Natural Science 

North-West University 

Potchefstroom. South Africa 

Supervisor: Pmf. J.J. Pienaar (North-West University, South Atiica) 

Co-supervisor: Prof. G.D. Djolov (Universi~j of Lirnpopo, South Africa) 

Potchefstroom 

May 2006 



Vir Zelda 



Contents 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ACKNOWLEDGEMENTS 8 
SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 
LIST OF ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11 

1 MOTIVATION AND GOALS 13 
1.1 PROJECT MOTIVATION . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13 
1.2 OBJECTIVES AND ENVIS.4GED OUTPUT . . . . . . . . . . . . . . . . . .  16 

2 LITERATURE SURVEY 17 
2.1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  17 

2.1.1 What is an air pollutant? . . . . . . . . . . . . . . . . . . . . . . . . .  18 
2.1.2 Air quality legislation . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 

2.2 EMISSIONS AYD SOURCES OF POLLUTION . . . . . . . . . . . . . . .  22 
2.3 TRANSPORT OF POLLUT.4NTS . . . . . . . . . . . . . . . . . . . . . . . .  24 
2.4 TRANSFORMATION OF POLLUTANTS . . . . . . . . . . . . . . . . . . .  29 

2.4.1 Sulphur dioxide chemistry . . . . . . . . . . . . . . . . . . . . . . . . .  30 
2.4.2 Nitrogeu dioxide chemistry . . . . . . . . . . . . . . . . . . . . . . . .  32 

2.5 ATMOSPHERIC DEPOSITION . . . . . . . . . . . . . . . . . . . . . . . . .  34 
2.5.1 Wet deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35 
2.5.2 D q  deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  36 

2.6 MATHEhl.4TICAL MODELLING . . . . . . . . . . . . . . . . . . . . . . . .  39 
2.6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  39 
2.6.2 Why air quality nlodelling:' . . . . . . . . . . . . . . . . . . . . . . . .  41 
2.6.3 Modelling topics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  42 
2.6.4 Suitability of modela . . . . . . . . . . . . . . . . . . . . . . . . . . . .  42 
2.6.5 Spatial scales of models . . . . . . . . . . . . . . . . . . . . . . . . . .  44 
2.6.6 Classes of models . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  45 
2.6.7 Levels of sophistication of models . . . . . . . . . . . . . . . . . . . . .  48 
2.6.8 Practical modellir~g considerations . . . . . . . . . . . . . . . . . . . .  48 
2.6.9 Model evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  50 
2.6.10 Atmospheric modelling - A Suurh African perspective . . . . . . . . .  52 

2.7 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  52 

3 LED MODEL DEVELOPMENT 53 
3.1 ATMOSPHERIC DIFFUSION TIIEORIES . . . . . . . . . . . . . . . . . . .  53 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 3.1 1 Eulerian approach 53 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  3.1.2 Lagrangian approach 51 



3.1.3 A combined Eulerian-Lagrangiu description of the turbulent diffusion 
3.2 DEVELOPMENT OF A LONG-RANGE AIR POLLUTANT TRANSPORT 

AND DIFFUSIOY MODEL WITH ATMOSPHERIC CHEMISTRY . . . . .  
3.2.1 Horizontal diffusion . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.2.2 Vertical diffusion 
. . . . . . . . . . . . .  3.2.3 Deposition mechanisms and pH dcterrnimtion 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  3.2.4 Atmospheric cllernistry 
. . . . . . . . . . . . . . . . . . . . . . .  3.2.5 The planetary houndary layer 
. . . . . . . . . . . . . . . . . . . . . . .  3.3 Development of the rn~nierical model 

3.4 SUMMAKY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4 LED INPUT PARAMETERS G7 
4.1 OBJECTIVES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  67 
4.2 MODELLING DOMAIN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  67 
4.3 SURFACE ROUGHNESS . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  69 
4.4 METEOROLOGY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  69 
4.5 EMISSION DATABASE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  75 
4.6 SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  79 

5 EVALUATION OF THE LED MODEL 80 
5.1 OB.JECTIVES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  80 
5.2 DEBITS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  80 

5.2.1 Sampling Sites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  81 
5.3 RESULTS AND DISC!USSIONS . . . . . . . . . . . . . . . . . . . . . . . . .  84 

. . . . . . . . . . . . . . . . . . . . . .  5.4 EVALUATION OF EMISSION DATA 104 
5.5 SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  107 

6 LONG-RANGE TRANSPORT OF SO, AND NO, FROM SOUTH AFRICA108 
6.1 OBJECTIVES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  108 

. . . . . . .  6.2 MODELLING PARAMETERS AND MODELLING SCENARIO 108 
. . . . . . . . . . . . . . . . . . . . . . . .  fi.3 RESULTS AND DISCUSSIONS 109 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.4 SUMMARY 118 

7 A DEPOSITION MATRIX FOR SOUTHERN AFRICA 119 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.1 OBJECTIVES 110 

7.2 MODELLING PARAMETERS AND SCENARIO . . . . . . . . . . . . . . .  120 
. . . . . . . . . . . . . . . . . . . . . . . . .  7.3 RESULTS AND DISCUSSIONS 121 - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.4 SUMhlARY 127 

8 CRITICAL EVALUATION 128 
8.1 RESEAKCH PROJECT EVALUATION . . . . . . . . . . . . . . . . . . . . .  128 
8.2 FUTURE CHALLENGES AND R. ESEARCH OPPORTUNITIES . . . . . .  129 

9 REFERENCES 131 



List of Tables 

2.1 Summary of each scale of dispersion phenu~nenon: 1. Regulatory purposes; 2. 
Policy support; 3. Pllhlic informat,iun and 4.  Scientific research (Zannrtti: 1993) 49 

3.1 The rates of cherniral transformation . . . . . . . . . . . . . . . . . . . . . . .  65 
3.2 Deposition velocities for selected species (3) / rn.s-I . . . . . . . . . . . . . .  65 
3.3 Srasonal wash-out coefficients utilized in LED [A,) / h-' . . . . . . . . . . .  66 

5 .1  Annual mean ambient concentrations for SOz in pg.~n-"(Ixissive data) corn- 
pared to modelled data for 2000 . . . . . . . . . . . . . . . . . . . . . . . . . .  

5.2 Monthly averaged ambient roncentrations for SOn in pg.m-"passive data) 
compared to modelled data for 2000 . . . . . . . . . . . . . . . . . . . . . . .  

5.3 Annual meal1 ambient concentl.ations for NOz in pg.~n-"(passive data) con- 
pared t,o ~notlellcd data fur 2000 . . . . . . . . . . . . . . . . . . . . . . . . .  

5 .4  hfonthly averaged ambient concentrations for KO2 in jrg.~~~-"pasive data) 
compared to modelled data for 2000 . . . . . . . . . . . . . . . . . . . . . . .  

5.5 Seasonally averaged concentrations for SO>, SO: (shown in  bracket,^) and 
NO? in irg.m-3 for 1996 to 1998 (Alphepya, 2002) , compared to modelled 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  results fnr 2000 
5.6 Monthly dry deposition totals (kg.&-I). of S from SOz and SO:-, as well as 

N from NO and NO2 as nlodelled by LED for 2000 . . . . . . . . . . . . . .  
5.7 Seitsoml dry deposition totals for each year (kg.113-') of S from SO2 and SO:- 

respectively. as well as annual totals of S depusition for 1996 t o  1998 (Mphepya, 
2002!, comparrd against modelled results for 2000 . . . . . . . . . . . . . . .  

5.8 Seasonal dry deposition totals for each year (kg.ha-') of N from NO ancl NO?, 
r~spectivcly, as well as annual totals of N deposition for 1096 to 1998 (Mphepya, 
2002), cornpared against modelled resnlts for 2000 . . . . . . . . . . . . . . .  

5.9 Monthly wet deposition totals (kg.ha-'), of S from SO:- : and N f ron~ NO; 
. . . . . . . . . . . . . . . . . . . . . . . . . .  respectivels nmdell~d for 2000 

5.10 Annual threeyear mean wet deposition (kg.ha-' .yr-l) for 1996 to 1998 (Mplepya 
2002), compared againbt rnodelled results for 2000 . . . . . . . . . . . . . . .  

5.11 Mean seasonal and annual wet deposition (@ha-1) of S from SO: , and 
N froln NO; respectively, during the period March 1996 to December 1999 

. . . . . . . . .  (Mphepya, 2002), compared against modelled results for 2000 

ion 

101 



7.1 Annual country-co-country dry deposition matrix of SO, as S for ZUUO (Top 
valuc: Percentage of total deposition received; Bottom value: tonsannum-l 
received). Ang: Angola. Bot: Botswana, Mal: Malawi, Moz: Mozambique, 
Nam: Namibia, Ocii: Oceans, RSA: South ilfrica, Zam: Zamnhia, Zim: ZimhahwelZ 

7.2 Annual country-to-connt,ry dry deposition matrix of SO, as S for 2000 (Top 
value: Percentage of total deposiLion received; Bottom value: Origin of dcpo- 
sition load in persentage). Xng: Angola. Bot. Botswana, Mal: Malawi, fvluz: 
Mozanthique, Nam: Namibia, Ocn: Oceans. RSA: South Africa, Zam: Zambia, 
Zim: Zimbabwe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  123 

7.3  Annual country-to-country wet deposition matrix of SO, as S for 2000 (Top 
value: Percentage of total deposition rrccived; Bottom value: tons.aunun1-1 
received). Ang: Angola. Bat: Botswana, Rfal: Evlalawi, Moz: Mozanihiqur, 
Nam: Nanlibia, Ocn: Oceans, RSA: South Afiica, Zanx Zambia, Zim: Zimhahwel25 

7.4 Annud country-to-collnt,ry wet drpositiun matrix of SO, 8s S for 2000 (Top 
value: Percentagr of total deposition received: Bottom value: Origin of depo- 
sition load in persentage). Ang: Angola, Bob: Botswana, hlal: Malawi, hloz: 
Mozamhique, ?Jam: Namibia, Ocn: Oceans, RS.4: South Africa, Zsm: Zanbia. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Zim: Zimbabwe 126 



List of Figures 

1.1 A simplified model of environnlental pollutiuu (Alloway and Ayres. 1997) 

2.1 Scliel~latic presentation of the atmospherir cycle and its component processes 
2.2 Average transport or air over soutliern Africa . The flow patkr-11s l~rive been 

sunirlrarized from all transport trajectory climatologies  undertake^^ for this part 
of the continent (Piketh and Walton, 20M) . . . . . . . . . . . . . . . . . . .  

2.3 Mean nionthly circulation at 800 hPa over Solit. hem Africa for the period 1969- 
1077 (after Tosrn and Jury; 1988) . The grey-shaded rectangle irdicates the 
industrial Highveld region . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2.4 Five transport pathways from the ir~dustrialized Highveld region . Percentages 
represent the ainlual persentage of flow froin the five-year pcriod ( P i h t h  and 
Prangley, 1998) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2.5 ProducLiun and dispersion of atmospheric sulfur dioxide gas (Meetham, 1981) 
2.6 Major proceses involved in the NOz cycle (Scinfelrl and Pandis, 1998) . . .  
2.7 Conceptual fmmework of the wet deposition process (from Seinfcld and Paudis. 

1098) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2.8 The air quality modelling system (Zannetti, 1990) . . . . . . . . . . . . . . .  
2.9 Elements of a rrlatliematical atmospheric chemical t. ransport n~odcl (Seinfeld 

and Pandis, 1998) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2.10 The model selection process (Zannetti . 1990) . . . . . . . . . . . . . . . . . .  
2.11 Optinld model application (Zannetti, 1990) . . . . . . . . . . . . . . . . . . .  

3.1 Zones with &&rent vrrtital difhsion condiLions possible in the PBL (Djolov 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  et . a1 .. 198'7) 

. . . . . . . . . . . . . . . . . . . . .  4.1 LZodelling domain implen~ented for LED 
. . . . . . . . . . . . . . . . . .  4.2 Cartesian grid domain irnplementrd for LED 

4.3 Surface Roughness lengths zo (met. rrs;) for January 20(JO for the study domain 
(Ganzeveld et . a1 .I 2002) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4.4 Surface Roughness lengths zo (nret. ers) for July 2000 lor the study domain 
(Ganzeveld et . al.. 2002) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . .  4.5 ETA Coordinate Depiction of Terrain 
. . . . . . . . . . . . . . . . . . . . . . . . .  4.6 ETA StepMountain Topography 

. . . . . . .  4.7 Geost. rophic wind vectors a t  700 hPa for 14 August PO00 at 00:00 

. . . . . . .  4.8 Geostrophic wind vectors at 700 hPa for 14 August 2000 at 12:00 

. . . . . . .  4.9 Geostrophic wind vectors a t  700 hPa for 15 .4 ugnst 2000 at 00:00 

. . . . . . .  4.10 Geostrophic wind vectors at 700 hPa for 15 August 2000 a t  12:00 



4.11 Snlphur Dioxide (SOa) enlissions summed over all sectors for 2000. Uuits in 
Gg/annum (Flcming aud Van der Merwe, 2000) . . . . . . . . . . . . . . . . .  77 

4.12 Sulphur Dioxide (SOz) emissions in Gg/annum for the modelling region. (From 
Fleming and Van dor hferwv, 2000) . . . . . . . . . . . . . . . . . . . . . .  78 

4.13 Nitrogen Dioxides (NO,) en~issiuns in Gg/annum for the modelliug mgion. 
(From Fleming and Van dcr hlerwe. 2000) . . . . . . . . . . . . . . . . . . .  78 

5.1 Vegetation and location map of t,hr 10 measuremerlt stations of the IDAF 
network in 2002 (top). The Louis Trichardt and IZmersIuurt sampling sites, as 
well as major Power Stations, are shown in the map below (after Galy-Lacaux 
and Modi, lY98) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5 . 2  An comparison of the annual nlodelled results versus measured SOz results for 
thc DEBITS stations for the year 2000 . . . . . . . . . . . . . . . . . . . . . .  

5.3 A comparisuu of mo~lthly modelled SO2 results versns rneasured SO:, results 
for the Cape Point station during 2000 (Note the absencr of measurements 
during August and September during 2000) . . . . . . . . . . . . . . . . . . .  

5.4 A cnmparison of rnont~llly modelled SO2 results versus measured SO2 results 
for the Anlersfoort statiuu during 2000 . . . . . . . . . . . . . . . . . . . . . .  

5.5 A comparison of monthly nludelled SO2 results versus measured SOa results 
for the Louis Trichardt statiou during 2000 . . . . . . . . . . . . . . . . . . .  

5.6 A comparison nf monthly modelled SO? results versus measured SO2 resuks 
for the Elandsfontein station during 2000 . . . . . . . . . . . . . . . . . . .  

5.7 A rompariwn of monthly modcllcd SO2 results versus measnred SOz results 
for the Palmer station dnring 2000 . . . . . . . . . . . . . . . . . . . . . . .  

5.8 A conlparison of the annual modelled msults versus measured YO2 resulta for 
the DEBITS stations for the year 2000 . . . . . . . . . . . . . . . . . . . . . .  

5.9 A comparison of rnonthly n~odelled NO2 results \.ersub measured NO2 results 
for the Cape Point station during 21100 . . . . . . . . . . . . . . . . . . . . . .  

5.10 A conparison of rnonthly nlodelled YOz results versus measured NO2 results 
Iur the Amersfoort station dnring 2000 . . . . . . . . . . . . . . . . . . . . .  

5.11 A cuu~parison of nlonthly nlodelled NO2 results versus measured NO2 results 
for the Louis Trichardt station during 2000 . . . . . . . . . . . . . . . . . . .  

5.12 A comparison of monthly lnodelled NO2 results versns measured NO2 results 
for thc Elandsfor~tein station during 2000 . . . . . . . . . . . . . . . . . . . .  

5.13 A comparison of 111outh1y modelled NO* results versus measured NO2 results 
for the Palnler statiou during 200O . . . . . . . . . . . . . . . . . . . . . . . .  

5.14 Sulphur dioxidc (SO2) er~~issions in Gglannum for the   nod el ling region hasrd 
. . . . . . . . .  on the EDGAR 2000 e n ~ i s s i u ~ ~  database (EDGAR 2000, 2005j 

5.15 Mean anlhirnt SO2 concentratiuus (pg.n1r3) for the winter season during 2000 
based on the emission database fruw Flemnling and Van der Xlerwe (2000) 

5.1G Mean ambient SOz concentrations (Irg.nlr" for the winter season during 2000 
. . . . . . . . . . . . . . . . . .  based on the EDGAR 2000 ernis6ion database 

5.17 Accumulated dry deposition, SO, LW S (kgha-l .3 months-'! for the winter 
season during 2000 based on t,he emission database from Flen~ming and Van 
der Merwe (2000) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5.18 Accumulated dry deposition, SO, a s  S (kg.hn-l.3 months-') for the winter 
. . . . . . .  season during 2000 based on the EDGAR 2000 emission dalabase 



6.1 Gridded SO? (lop) and NOx (bottom) emissions (Gg per annum) Cor the 
greater Highveld legion during 2000 (from Fleming and Van der Rlerwe, 2000) I09 

6.2 hlpan ambient SO2 cuncentrations (pg.n1r3) for the summer season during 2000 110 
6.3 Mpan ambient SO2 concentrations (pg.m-3) for the wint,er season during 2000 111 
6.4 Mean ambient NO2 concentrations (bg.n13) for the summer season during 2000111 
6.5 klran ambient NO2 concentrations (pg.n~-3) for the wint,er season during 2000 112 
6.6 Accumulated dry deposition, SO, as S (kg.hac1.3 mont,hs-') for thc summer 

sewon during 2000 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 
6.7 Acc~ln~ulated drk- deposition, SO, as S (kg.ha-l.3 month- ' j  for thc winter 

season during 2000 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 
6.8 Accumnlated dry depositiull, NO, as N (kg.ha-'.3 months-') for the summer 

season during 2000 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 
6.9 Accumiila.ted dry dcpositiurl, NO, as N (kg.ha-l.3 months-') for the aintcr 

season during 2000 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 
6.10 Accumulat,ed wet deposition, SO, as S (kg.ha-l.3 months-') for t,he surnmer 

season during 2000 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 
6.11 Accumulat,ed wet deposition, SO, as S (kg.l~a-l.3 months-') for the winter 

season during 2000 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 
6.12 Accumulated wet deposition. NO, as N (kg.ha-l.3 months-') for the s i ~ m ~ n e r  

season during 21100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 
6.13 Accun~ulased wet tieposition, NO, as N (kg.ha-'.3 months-') for the winter 

season during 2000 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 
6.14 Calculated pH MIUPS for the summer season during 2000. . . . . . . . . . . . 117 
6.15 Calculated pH vali~es for the winter s e i o n  during 2000 . . . . . . . . . . . . 117 

7.1 Sulphur dioxide (SOz)  e~nissions in Og/annun~ for South Africa . . . . . . . . 120 
7.2 Sulphur dioxide (SO2) emissions in Gg/annum for Zambia . . . . . . . . . . . 121 
7.3 Accumulated dry deposition, SO, as  S (kg.ha-'.annum-') for 2000, emanating 

from South Africa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124 



ACKNOWLEDGEMENTS 
I wish to express my sincere appreciation and gratitude to the following persons and institu- 
tions for their contributions to the succasful completion of this study: 

Prof. I<ubus Pienaar, School of Chemibtry and Biochmristry, North-West University (Potchef- 
stroonl Campus), for the scientific freedom provided. his able guidance and cui~structive cri- 
tique throughuul the study, and for his friendship; 

Prof. Gcorgc Djolov, School of Physical and Mineral Sciences, University of Limpopo. for his 
extraordinary insight, ur~tirillg and uncon~promising dedication, commitment aud support, 
both to me and to the arcomplishment of the task ahead; 

Mr. Herman van der Walt, Sasol SHE Center, for his leademhip, guidance, piltience and will- 
ingness to help me during my fori~rative years at Sasol Technology Research and Development; 

Dr. Trevor Phillips, Group Manager. E~lvironrnental Sciences and Technology, Sasol Tech- 
nology Research and Developmcnt, for his interest, motivation and support, especially during 
the most stresstilled prrinds of my work: 

Thr  stafi uf the Environnlcntal Scieilccs i~lld T ~ ~ l l l ~ o l o g y  depu t~~ ie l i t .  Sasol Tccinlolopy Re- 
search and Development, Sasolhnrg, for thcir friendship and support, and numerous other 
people not mentioned by name. who in some way contributed M this study; 

My wife, Zelda, for her love, patience, indulgence and ~uppoct  throughout the entire study; 

My daughter, Megan, who without understanding, had to cndure mauy hours of absence; 

My parents, for their love, continuous encouragement and moral support throughout the en- 
tire study: 

My brot,her Dries, for this cnthusiami, inspiration and continuous support throughoul the 
entire study, as well a7 my life; and 

Above all, God Allniphty, for the opportunity, health, motivation, guidance and love He 
hestowed on mc during thm period. 



SUMMARY 
Dispersion modelling of transport, diffusiot~ and chemical transfornlatior~ of pollutaut,s and 

trace gases over the Southern African region which spans between 52 South to 1 " Sorth. 
28" Wrst to 68 'East, presents a special challcmgt. due to three major factors. The first fac- 
tor is associated with the frcqucnt occurrence of a stable anticyclonic environment. This 
enviror~ment inhibits the vertical excliitngr of air nmlsscs and stratifies the troposphere into 
persistent layers, in which residence times of pollutants are prolonged from several days to 
wwks over the region. The second factor stems from the differeilt distribution of emission 
sources in Africa. Biogcnic emissioris from biomass burning, vegetation and soils are equal to, 
or substantially bigger than anthropogenic cmissions over larger parts of the region Thirdly, 
long-range transport is vital for the existence or destn~ction of nnny fragile ecusysrems that 
receive nutrients or pollutants mainly from the atmosphere. In addition to these major factors, 
experimentnl studies ou the tropical nieteorological factors affecting the long-range transport 
and chemical transfornmation of pollutants are limited, and theoretical understailding of the 
atmospheric processes in the regions with negligible Coriolis force, is still lacking. Special em- 
pllas~s should be placed on the identification of key linkaxes between t,hr physical. chcn~ical 
and anthropogenic processes governing t,he functioning of the biogeophysical and biogeochem- 
lcal systems of Soi~thrrn Africn that lead to significantly elevated ozone co~lcmtrations over 
considerable sections of the tropics. 

This thesis describes the development and application of an appropriate dispcrsion package 
for stodyi~lg the peculiarities of the loug-range transport, diffusion and cl~en~ical transforn~s- 
tion of pollutants and trace gases in the Southern Africa region. Special attention is given 
to the transport of harmful snhstances from the highly industrialized regions to the predom- 
inantly rural areas of the region as well as  wet- and dry deposition over sensilive land and 
water ecosystems 

The Lagrangian-Eulerian Diffusion (LED) n~odel developed in this thesis, utilizes in a 
con~plin~cntary way tlrn positive featurcs of the Lagrangian arid Eulerian description of liy- 
drodynamic flows. It is well-kuown that  the rssrnce of the Lagrangian u~ethod consists of 
studying the properties and variation of a fixed fluid volume during it,s motion. Using this 
idca in the n~odcl. any volun~c of pollutni air is idcntificd by thc trajectory of irs ccntcr oi 
mass The diffi~sion and trsnsforn~ation processes of pollutants are investigated on the hasis 
of analytical solutions of the appropriate differential equations ill Eulerian coordinates with 
origin a t  the center of mass of puffs. As part of the basic strnctural elenlcnt of the model, 
the puff allows for approximation of any type of emission source by using proper pnff vol- 
ume a.nd e~nissiun timc intervals. A unique feature of LED is the use of an appropriate ABL 
model calculating its dynanrics and turbulent charncteris!ics. In the LED model the two-layer 
parametric ABL model proposed by Yordanov et al. (1983) is included. LED incorporates a 
liuear chemical lnechanisrn for the transfor~nation of sulphur and nitrogen species, as well as 
modules to calculate dry ard wet deposition parameters. 

LED nlodel results for ambient roncrntrationi. M well as deposition fields. were prodncrd 
for all months during the year 2000, and compared with thc available rxperimental data a t  
the Deposition of Biogeochemically Important Trace Species (DEBITS) international sites. 
Data obtained for the evaluation, were in the kamework of SAFAFU 2000 research campaign. 
However. the gro11ud n~easurernrnts uet.ded for thr  evaluativ~~ of LED were uot sutlicient clue 
to the small number of observation points ( 5 ) ,  and the geographical location which does not 



comply with the WMO criteria for bazeline regional air quality stations. Another shortcoming 
st,ems from the fact that some of the DEBITS stations were not fully operational during the 
yeas 2000. The predetermined SAFARI 2000 research plan for the period of integration (2000), 
did not allow the use of previous years rnfasured data (where the availability of experimental 
data is somewhat more complete) for the evaluation exercise. Therefore dat,a from before 
the year 2000, has been used to only evaluate LED capability of producing results u-hich are 
in the range of the observed inter-annual observations. Despite these inhereut difficulties of 

not having a complete set of experimental data for the evaluation process, the study presents 
enough evidence that LED is producing reliable results. The annual quantities conlparc quite 
accurately. The bigger variation in differences of the monthly quantities is also within the 
acceptable range. A numerical experiment, carried out will1 au alternative emission data 
set, clearly shows t,he importance of revisiting the existing emission data set accepted by the 
SAFARI 2000 research group. It gives a reasonable explanation for some of the monthly 
deviations observed at the most northern DEBITS station. 

LED wus also implemeuted to study the long-range transport from the highly industri- 
alised Highveld region of South Africa, where t,he versatility of the LED model was clearly 
dvmonstratrd. Ambient concentration fields, accumulated dry- and wet depos~tion fields, as 
well as pH values of precipitation over the modelling region were calculat~ed. These outputs al- 
low the environn~ental footprint characteristics t o  be determined. For the specific case study. 
the en~ironmental impact region is located approximately 500 to 600 kilometers arou~al the 
industrial region. The coniparison of the calculated model results with limited experimental 
data for the region, and lack of outpt ,s  from other rnodcls and observatiws, substantiate the 
use of LED for environniental impact studies, regulatory purposes and decision making. 

The results in Chapter 7 clearly demonstrate that the phenomena of long-range transport 
of air pollutants is a serious. complex and significant problem for the countries in the southern 
Afriran region. The results also indicak that impacts from highly industrial count,ries in the 
region may pose significant risks to developing conntries, who relies for example on agriculture 
a s  a ~ ~ ~ n j o r  clmtriblll~~r ( ( I  the spcr:iti<: country's gross domrsti~: yrorlnct (GDP). Tbt: LED 
model supplies objective data, which lays the foundation for the developmrnt of holistic 
regio~~al air quality management plans. The implementation of such a management plan 
will he obviously ber~eficial to all rountries in the region. The results obtained from this 
modelling scenario highlights the complexity of transboundary air pollutant transport, as 
well as its serious develop~nental conseqllmcns. 

After developn~ent, modification and evaluation of the LED, it can be used to assist in 
identifying potentially high impact areas. Concentration axid deposition fields for specific 
regions allow the study of anthropogenic impacts caused by the transport of major air pol- 
lutants such a< sulphates and nitrogen oxides. Thc ability to define the relative importance 
of tach source in thr: total pollution and rlcposition fields can hr ilscd to detcrnrinr the most, 
effective strategy for decreasing the enlissions of a given region. LED can be applied with 
confidence as a diagnostic and prognostic tool for air pollution studies a t  different tirnr and 
space scale5 in lhe southern Africa11 region. 
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Chapter 1 

MOTIVATION AND GOALS 

In this Chapter. . . 
Thr project is motivated by giving a short ooervieru and atmosphe,r~c relevance of the long- 
range air pollution transport phenomena in Sectim 1.1. This short chapter is concluded by 
Sectzon 1.2, which sets the objectiues and envisaged outputs of the study. 

1.1 PROJECT MOTIVATION 

"Fair is foul, and foul is fair: 
Hover through the fog and filthy air" 
Macbeth, William Shakespeare 

Although penned 400 years ago, the prophecies of the three witches of Macbeth bear some 
resemblance to the events and perceptions surrounding our understanding of air pollution as 
they developed over the later half of the 20th century. For example December 2002 marked 
the 50th anniversary of the infamous 1952 air pollution disaster in London, in which thou- 
sands died during a week of intense pollution and more succumbed prematurely years after 
the pxposure. Less well known is that this palpable "filthy air" hdped create and pcrpet- 
uate the famous London fogs, which diminished in frequency and degree as the eventual 
~ k a ~ ~ u p  progrcssrd. Also in 1952. thc Int,cr~~ntional Council of Scientific Uuions p ro~)os~d  
the International Geophysical Year (1937.1958). wlrich would see an unpr~cedented scientific 
effort to explore all areas of the globe, including the more pristine, or "fair", reaches of the 
atmosphw. For the larger remaining part of the century, the  growing field of global atmo- 
spheric science would generally distance itself from the more specialized concerns of urban air 
pollution (Bachmann, 2003). 

From the 1950s through the early 1970s, air pollution was commonly understood to be 
largely a localized urban phenomenon, and early measures to address it in Europe and the 
United States focused on relatively small urban "airsheds". This common understanding: 
along with societal demands for cleaner air and more convenient heating sources, produced 
remarkable success that wa5 accelerated in rnany countries with the passage of air quality 
legislation in the 1960s and 70s. Progress frorn local control programs has continued and 
today the air in formerly polluted world cities is markedly cleaner. It  may be a stretch to 
say that "foul is fair". b ~ ~ t  if you look at old photos of these cities, the difference is clear 
(Bachmann, 2003) 



Meanwhile, air pollution scientists began to notice more disturbing trends in ruralloca-
tions. Surprisingly, the air in many of these areas was becoming polluted. In the 1970s, both
Europe and the United States recognized the emergence of regional-scale air pollution issues,
including acid rain, regional haze, fine particles, and ozone smog. These were the result of
increased regional emissions and long-range transport of air pollution. The next two decades
brought more evidence that such regional-scale air pollution was contributing to significant
effects on public health and welfare. "Fair" was becoming "foul" (Bachmann, 2003).

It was not until the 1990 Clean Air Act (CAA) Amendments in the United States, that
U.S. policymakers took serious steps to address the growing scientific evidence on the regional
component of air pollution. This evidence prompted a "rethinking" of conventional wisdom,
particularly those concerning ozone and acid rain. The realization that natural sources con-
tributed significant amounts of volatile organic compounds on a regional scale meant that the
focus of regional ozone control needed to be weighed up heavily against man-made sources of
nitrogen oxides, and not against non-methane hydrocarbons. Obviously, the scale addressed
by air pollution science and policy has continued to grow during the 50 years since the London
disaster. More recently, continuing scientific developments and insights have progressed to
a point where the scientific and policy communities that have focused on conventional air
pollution, and those studying global phenomena, can no longer afford to ignore one another.

Atmospheric pollution consists of a variety of contaminants emitted into the atmosphere by
biogenic and anthropogenic processes, which adversely affect human health and ecosystems.
This phenomenon is further complicated because the contaminants can be transformed by
chemical reactions into more toxic and harmful chemical compounds, during their transport
and diffusion in the atmosphere (Fourie, 2000).

In all cases of pollution there is a particular source of pollutants, in addition to the pollu-
tants themselves, as well as the transport medium (air, water or direct dumping onto land),
the target (or receptor) which includes ecosystems, individual organisms (e.g. humans), and
structures. Pollution can be classified in several ways according to the source (e.g. agricul-
tural pollution), the media affected (e.g. air pollution or water pollution) or by the nature of
the pollutant (e.g. heavy metal pollution) (Alloway and Ayres, 1997).
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Figure 1.1: A simplified model of environmental pollution (Alloway and Ayres,
1997)
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Understanding the relationship between primary pollutant emissions and air quality, rep- 
reseriled by ambient concentrations of the atmospheric pollutants, is essential to developing 
emission control strategies. Thr better this undrrstanding, the more effective the strategies. 
and the greater the opportunity for minimizing control costs while mailllaining an acceptably 
low risk of exceeding ambient air quality standards. 

The growiug inter& in the long-range air pollrition transport phenomena, and global ef- 
fects of air pollution, highlights the fact that air pollution under the relevant meteorological 
conditions is not a localized prohlem. It has hrcn shown that large emissions of "primary" pol- 
lutants, such ai sulphur dioxide (SO1), undergo chemical transforn~ations in t,he atmosphere. 
Thesc transforurat.ions generate new cbeinical species known as "secondary" pollutants, such 
as sulphates (SO:-), hundreds or thousands hilometres downwind. These secondary species 
are respor~sible for new adverse effects, such as acidic deposition (or. as conlmonly a d  improp- 
erly called in the media, acid rain). The long-range transport of air pollutants is hecorning a 
highly debated topic, with increased public awareness and political consequences. 

Understanding long-range air pollr~tion is a diallenge. Experimental data shows that 
background air quality in various regions is affectrd by the long-range transport of pollutants. 
This is considered to be a major reason for the observed increase of acidic deposition over 
Scandinavia during tlie last decades. 

Nature has given a coniprehensive example of this phenomenon. The smoke cloud from a 
large forest fire in Alberta. Canada, that had burned from t h ~  17th to the 24th of September 
1950 was observed on the 25th of September over the East coast of the USA (Munn and 
Rolin, 1971). On the 26th of September it was seen over the British isla~lds, and on the 28th 
of September over Europe: from Scandinavia to Gibraltar. The progressive change of the 
cloud's thicknes.; was 2.5 - 4.5 krn over USA, 5 - 6 knl over the Atlantic Ocean, 9 - 10 kni 
over England and more than 11 kni over Europe. Similar pictures have been observed during 
volcanir eruptions, nuclcar explosio~ls, dust storms, and other phenomena. 

These exanlples indicate that long-range transport of air pollutants caused by general 
atmospheric circulation is essentially a three-dimensional process. It,s modelling is hampered 
by inadequate knowledge of tlie atn~osphere diffusivity in the cross-flow direction, the strength 
of pollutant sources, pollutant transformatiuris. as well as the influence of planetary bonndary 
layer (PBL) dynamics, and vertical motions at distances cxcccding 1000knl. 

The modelling of such processes ha3 shown a continuous and renlarkahle growth in thc 
last thro<: <lur.adt.s (Batt(:nnau. 1!1!17). Tliure is a ilcfinito necd t,o dcvolop apl~rupriate air 
pollntant transport and diffusion niodels capable of giving accnrate quantitative estimates of 
the pollutio~~ fi-on1 different typp of sources (ind~~stries. rnobile sources, donles(ic households. 
accidental releases) at various time-space scales. It is generally accepted that air pollution 
models arc important touls, not only for assessing emission reduction strategies, but also for 
establishing the nmximum permissible conccntration exposures. and for investigating econom- 
ical aspects of air pollution (Zannetti. 1990). Moreover, there is a trend towards the ir~creased 
role of air pollution models in decision-making processes (Batterman, 1997). 

Pollution is a. global pheuumenon, and elimination of risks to humans (health and ecosys- 
tems functioning) is a task of paramount importance. 

This study is aimed at extending the existing knowlodgr of air pollution, with special 
eulphasis on at,mospheric chemistry and mathematical model developnlent that can be used 
to predict the futurc impact of air pollutants under southern African conditions. The results 
will provide useful information for possible futurc i~nplerne~lt,ation of emission regulations, 
control strategies and policy decisions. 



1.2 OBJECTIVES AND ENVISAGED OUTPUT 

The  focus of this study wm t11r developir~g a fit-for-purpose long-rang? atmospheric transport 
and diffusion model applicable to  meso- arid niacro scale prohlenla at  any time mterval. Tlie 
year 2000 was chosen as a reference year for all input parameters ut,ilizerl in the model, in 
order to  assist in testing aud evaluatiou of the developed model. This was linked to a field 
campaign, called t,he Southern African Fire-Atmosphere Research Initiative (SAFARI), that 
was undertake11 during 2000 to improve our understanding of trace gas enemissio~is wer t,he 
southeru African subcontinent. The SAFARI 2000 multidicipli~iary research plan iucl~~rled 
the development of a long-range transport model, which allows integration of knowledge and 
data from the various field expr~.inwnts. Thcrcfore, the psriod for which the model should 
produce reliable results is predetermitied to be 2000. The objectives of the study included 
the develupmenr. of: 

1. Air quality model suit,able for modelling the long-range transport and transformatiou 
of air pollutants over rhe southern African region; 

2. Atmospheric boundary layer dynamics module for use in the model (Syrakov et. al.. 
1983); 

3. Methodology for calculating event and averaged (monthly, seasoual aud annml) atn~o- 
spl~cric concerltlatwrl and deposition fields; 

4. hlethodology for calculating emitter-receiver matrixes to 1x used for the transhoundary 
air pollution prohlems in the southern AErican countries. 

The model includes a ch~mical transformatiou module that consists of: 

1. Inorganic mechanisni for the oxidation of the primary atmospheric pollutants. i.e. sul- 
phur and nitrogen components: 

2. hIodules for the modelling of sulphur and nitrogen deposition (wct and dry) processes; 

3. Module for the calculatior~ of the pH valuc of wet deposition 

Thc model resultb may further contribute to facilitate sound-decision making during air 
pollution abatement policies; to predict thc future impacts of air pollutants under southern 
African conditions and to assess the appropriate environ~nrntal legislat,io~~. 

Results from this study have been presented a t  two international air quality rnodellir~g 
confermces during 2004 and 2005 wspectively. It is expected that results from the developed 
model will be published in accredited jmrnals to extend thc existing kwwledge of air pollution 
arid the transfo~lnation during atmospheric processes. 



Chapter 2 

LITERATURE SURVEY 

I n  this Chapter.. . 

An oucrview uJ the relevant i i te~ature is detailed. A n  introduction to air pollution and the 
atmospheric cycle (Section 2.1) zs provided. Sections 2.2 to  2.5 focuses on t h ~  ~nz~ironmental  
a sp~c t s  and in~plications oJthe individual sections of the atmo8pheric cycle. Section 2.6 focuses 
on the mothematical modelling uf utmospherzc processes. Section 2.7 concludes the chapter hg, 
hiqhllghting the importance of air pollution modellzng in a complete o w  quality management 
system. 

2.1 INTRODUCTION 

Amhient air con~posit,ion over the carth has uudergone several changes throughout history, 
and early living species haw either disappeared as a cunsequeilce of these changes, or adapted. 
Anthropogenic activities. especially sirice the 1-lth century, when coal began to replace wood as 
the primary source of energy, have provided a clear disturbance uf the earth's environmental 
balance. In the atmosphere. these anthropogmic pollutarits have ofteu generated locally 
unhealthy air quality and, sometimes: lethal air pollution concentrations, as duriug the well- 
know11 London ep~sode of December 1952. In addition to short-term effrcts, atmoayl~eric 
pollutants are known to generate long-term adverse effects which are however, difficult t o  
forecast (Zannetti, 1990). 

The emergence of petruleum products and the internal combustion engine in the last cell- 
tury gave impetus to the secorld industrial revolution, and at the same time brought with it 
new air polhition challcnges. In 1915, it w a i  recognized that petroleum products are rrspon- 
sible for a new t , y p ~  of "snlo~";  a photocl~s~r~ical summertime smog, first discoverrd in the Los 
Angclcs arca  Photoclirn~~cal smog is quit<: diff;:rcnt honi the t,raditional aiiitcrt,in~c s ~ i l p l ~ i ~ r  
smog (the "London" sniog) t y p i d l y  generated by the conllrustion of sulphur-containing fuels, 
such a s  coal. 

'The last decade has been characterized hy a growing interest ill lungrange air pollution 
transport phenomena and glohal effects. First in northern Europe and tllcri later in east- 
e m  North America, it has been shown that large einissinns of "primary" pollutants, such as 
sulphur dioxide ( S 0 2 ) ,  undergo chemical transformations in t,hr atmosphere. These trar~sfor- 
niations geuerate new chemical species known as "secondary" polli~t,ants, such as sulphates 
(SO:-), liundredb or thousands of kilonietres don-nwind. These secondary species arc re- 



spousible for new adverse effects, such as acidi~: deposition (or, as commonly a i d  improperly 
termed in the media, acid rain) (Zannetti, 1990). 

Two "globalt' issues have rrwntly becomc a majur concern: ( I )  the "green-house" effect, 
which is believed to be causing an increase of thc carth's average temperature as a consequence 
of increasing concentrations of green ho~lse gases, notably carbon dioxide (C'02), a species t l n t  
has never been considered a 'pollutant" and whose hugc emissious have never been controlled; 
and (2) the possible depletion of t,he stratospheric ozone layer. a natural protective '.blanket" 
from harmful solar radiation, by certain species emitted hy anthropoge~~ic activities (Zannetti, 
1990). 

I t  1 1 a  often heen pointed out that governn~ent poll~itinn control actions haw seldoni (or 
perhaps never; anticipated adverse effects and that only largp-scale disasters or eilviruri~nrntal 
detrrioration 11ave provided stinluli for effective action and preventative n1e:mures. In rvcerit 
years public awarer~ess with regard to environm~ntal issues h m  increased, particularly in 
developed societies. Public opinion has been largely responsible for mounting prcssure on 
Government and industry for major preventative control actions, and for implen~entation of 
emrrgency/accidcnt contiugency plans (Zannetti, 1990). 

2.1.1 What is an air pollutant? 

Which substances must be considered air pollutants? Or better, which substances, emit- 
ted into the atmosphere. can be considered safe. non-polluting cornpuurids? The answer is 
t.rrt;~hily nol. a straightforwan1 oilr*, siuw t l i ~  tr~111 'air pvlliitioll" niay haw mauy dtfinitious. 

Willianison (1973) gave a satisfactory clarification of this problcn~ by elaborating the dif- 
ferericr between a "polluta~it" and a "contaminant". A contaminant was defined as "anything 
odded to die environment that causes a deviation from the geochemical mean cornpusition". 
On the other hand, a pollutant, to be considered as such, must hr  a contaminant respo~~sible 
fbr r;tusing smnr adverse efiwt on tile cnviro~l~rw~it 

According to Alluway and Ayres (1997), a widely used definition of pollutior~ is "the 
introduction by man into the environment of substances or energy liable to came hazards 
to human health, harm to liviug resources and ecological systems. damage to struchlres or 
amenity, or interference with legitimate uses of the environment" 

Howtvcr, tlir: same approarl~ to dchit. air pollution, niakirig a clcnr distinction brtivtwl 
contamination and pollution as Williarnson does, is also used by Alloway. Contamination 
is used for situations where a substance is present in t,he environment, but does not canse 
any obvious harm. whilr pollutior~ is roscrved fur cases where harnifd effects are apparrnt 
(Alloway and Ayres, 1997). 

Clearly, t,his distinction between pollutants and contan~iriants is based on our limited un- 
derstanding of short-term and loug-term adverse effects of r ac l~  chen~ical compound. More- 
over, this evaluation is complicated by chemical reactions that call lransform a co~ltaminant 
into a pollutant. We can therefore say that any contaminant is a potenlial pollutant and that 
ill many cases, the two words are synonymous. 

An example of the above diffrrrrire is given by COz gas that is abundantly euiitted into the 
atmosplrcre from anthropogenic conibustion processes. COT does not have significant imnie- 
diate adverse effects to living organisms, and nrrri therefore considered only as a c o ~ i t a ~ ~ ~ i r ~ a n t  
Measurements have shown however, that ambient C 0 2  concentrations throughout the world 
are constantly increasing. thus revealing an accumulation in the atmosphere of a considerable 

n Ion fraction of the C:Oz auitted by anthropogenic activities. Since further CO? concentr t '  



increases as expected to induce an increase iri the average temperature of the earth, C02 
should be considered, in this respect, as a pollutan~. 

According to Zannetti (1990) air pollutants are found in the form of: 

qases. e.g. solphur dioxide (SOz). 

s particulate matter, e.g. fine dust 

These air pollutants are injected int,i~ the atmosphere froul: 

~ ~ a t u r a l  sources (biogenic sources). e.g. volcanoes, ocean spray. pollcn, volatile organic 
compoulids (VOC's); 

anthropogenic sources, e.g. industrial, cunn~~ercial, agricultural, transportation activi- 
ties. 

These "primary" pollutants (i.e. those directly emitted from thc source) ul~dergo chemical 
reactions (often between less harmful precursors within the environment) that result in the 
subsequent fori~ratinn of other species, i.e., "secondary" pollutants, in the form of. 

s gaseb, e.g .  ozone (OJ); 

s aerosols!particulate matter, e.g. sulphates (SO:-). 

One of the most irriportant factors characterizing the atmospheric particulate matter is 
the size (e.g. thc diameter) of the particles. Particles are called: 

s coarse particles, when their diameter i:, larger tliaii 2.5 pnl; 

fiue particles (or respirable particulate matter. RPM). wlirn their diameter is less than 
2.5 pm; h e  particles can also be divided into two modes: t,hr nuclei modc. with a 
diamctcr below 0.1 fim, and the accumulation mode, with a diamet,er gxeater than 0.1 
p n ;  

inhalable particles (or inhalable particulate mattcr, IPMj, when their diameter is less 
than 10 pm. 

Coarse parhicks are generally less important, since their large m a s  muses fast gravitational 
removal from the ambiaut air, and are less harmful to the human species. hecause they are 
easily removed by thc upper respiratory system. Fine particles are more import,arlt because 
of their visibility and advcrsc effects U I I  h11n1;tn l~oaltli. 

Particles in tile ;ttrnospl~ere can also be classified. independently from their size. as: 

viable particles [e.g. polle~i, fungi. bacteria); 

nonviable particles (e.g. inert niaterials). 
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Figure 2.1: Schematic presentation of the atmospheric cycle and i t s  component 
processes 

Atmospheric co~~stituents follow a series of steps or processes from the time of their intro- 
duction into the atmnsphere until their eventual removal from it. This atmospheric pathway 
is but one portion of the overall hiogeochemical ryrle that links thc origins and CaLes of all 
environmental chemical species. The main procesaes that comprise the atmospheric pathway 
are emissions, transformatiori, rransport and deposition (Figure 2.1). Understanding the at- 
n~ospheric pathways of important species and quantifying the flux of niaterial along these 
pathways is Eundaniental to  the study of air pollution (Foi~rie, 2002). 

The t,ransport section of the complete atmospheric pathway (Figure 2.1) consists of those 
processes that mix atmospheric species emitted/released from the earth into the troposphere, 
and occa+mally even the stratosphere. The transport sectiou 1,lerefore carries material from 
where it is introduced into the atmosphere (emissions) t,o where it is eventually deposited 
on the earth's surface. The initial mixing of emitted pollutants, vertical-exchange processes. 
clo~~ds,  and advection are important aspects of this part of the atmospheric cycle. The 
importance of these various physical processes thcat influence transyurt depends on the spatial 
scale of the transport process. 

The i~~fluence of a cl~eniical species anntted into tlie atn~ospliere on the receiving envi- 
ronment depends on both thc atmospheric residence time of the species and the prevailing 
meteorological conditions. Chenrical spnries may reside in thr atmospllere for times ranging 
from a second to as long as several centuries. In the context of acid deposition, the impor- 
tant contributurs: that is, gaseous sulphur dioxidel nitric oxide, and ammonia, tend to have 
relatively short residence times in the order of days, and thus meteorology is crucial in their 
distribution over tens to thousands of kilomet,rrs. Oxidation products, such as particulate 
sulphate and nitrate or sulphuric acid and nitric acid, have longer residence times of a few 
days up to w~ehs. The range of intloence of a species with a short residence time depends on 
wind speed and atmospheric stability ncar the source. A species wlth a longer residence time 
can be distributed over hundreds and thousands of kilometres by largc-scale metrorulogy. At- 
mospheric constituents are finally renioved from tlie atmospheric cycle by various deposit,iom 
processes returning to thr earth's surface (Fourie, 2002j. 

-4s previously nlentioned, understanding these a t~~~uspher ic  pathwa~s of important species 
and quantifying the flux of material along these pathways is fundamental to the study of air 
pollution and atmospheric science. 

Air pollution modelling is an attempt to describe the interrelation between en~issious, 
atmospheric concentrations, and deposition (thc ahovemei~tioned atmospheric cycle). Air 
pollution measurements give quantitative information about concentrations and depositiou, 
but they can only give the levels at specific locations. In priuciple, alr pollulio~~ n~odelling can 



give a more complete and c.rn~sistent description, including an analysis of the causes- emission 
sources, meteorological processes, physical and chemical 11-ansformations- that have led to 
these concentrations/deposition (Fourie. 2002). 

Air pollution niodels play an important role in sci~nce,  hecausc of its cayability to assess 
the i~nportance of the relevant processes. Air pollution models are the only metl~ud that 
quantifies the relationship betwee11 rn~issiuns and the concentrations/drpositions: including 
the consequencm of future scenarios and determination of the effectiveness of ~ b a t m ~ e n t  
strategies. Numerical modelling will he discussed in Section 2.6 of this Chapter. 

A detailed description of the c ~ ~ v i r o n i m ~ ~ t a l  aspects of the individual sections of the atlno- 
spheric cycle will be disc~issed in the following sections, with emphasis on the implications of 
these sectors in context of the So~~t,hern African rcgion. 

2.1.2 Air quality legislation 

Several count,ries in the world have ebtablislied air pollution laws and regulations, and have 
implemented air quality and/or emission standards. The tlnited States in particular, has 
developed a large and complex body of air quality laws directed towards the goals of pro- 
pessive air quality improvement in those regions characterised by unhealthy pollutant levels: 
and environniental preservation in regions with clean air ( e g  national parks), Moreover, the 
US rrgulations have incorporated the use of several air qualit,y dispersiou models as ufficial 
regulatory tuuls (e.g. to be used for the authorization of new en~issions of air pollutants). 

Air quality 1tyjslal.ion (wr tli(, lack of it.) has aR(rtr(1 t h .  clrvrlupn~cnt of i~ i r  pollutiw 
n~odellir~g techniques in different countries. I11 the IJS. the air quality regulations. togetlipr 
with the existence of a free market typically oriented toward consulting husiness activities, 
have created the proper conditions for the develop~~~ent  of "practical" techniques, sometinies 
very sophisticated ones, but still based on methods that rely upun available data and limited 
(x)inputational rcsorlrws. I u r l  U S .  stl~<li~.x h a w  bencfitrd fro111 public and private 
fundirlg sources, and have focused on specific problems with a clear goal-orientated id ina t ion .  

European studies and research activities in this field have been carried out mriinly by public 
organizations, i.e. universities and research centres. Research centres of private industries 
have also providcd valuable contributions. European research, performed without the pressure 
of spccifir l~@slative goal orirmtatccl objectives. 11a.s covcrcd with sllccess inkresting and 
advanced topics. These activities. however, have not yet culminated into a set of transferable 
computer packages like those in the Unites St,at,cs. 

TVith regard to long-range transport. national legislation is not sufficient arid international 
rules and agreements need to he found. This seems to be a sensitive issue in the north- 
eastern Nort,h America, where Canada is blaming the United States for a lasge fractiur~ of 
thcir acidic deposition, and in Europe, where many countries are blaming each othcr for the 
same issue. The Chrniohyl accident has shown everyone that air pollution, nnlike people, 
can freely ernigratr from one country t o  another, aud affect even countries like Italy. which 
many meteorologists believed well-protected by the Alpine mountain range. 

In spite of progress toward economical and pulitical unity in Europe over the last two 
decades, common environmental legislation on recon~mended uumerical n~odels are still lack- 
ing. The recent common trend of increasing the average height of industrial emissions (es- 
pecially power plants) is certainly improving the near-fi~ld air qualitv> hut is expanding the 
eRecls of loug-range transport and acidic: deposit io~~ all uver Europ13 

The South African scrnarlo is q u ~ t e  different. The Air Pollution and Prevention Act 



(APPA), was promillgated in 1965 in South Africa. APPA, No.45 of 196.5 (a3 amcnded) ib 
primarily b a d  on the pcrnlitting of scileduled processes emitting to t,he atmosphere, and does 
not inrlnde any ambient air quality standards (guidelines for criteria pollutants are iucluded), 
or regulation 011 thr loug-range transport of air pollutants. Another major shortcoming in 
APPA is that the act makes no provision for any vehicular enlission staudards. 

Based UII these shortcomings. new air quality legislation for Suurh Africa was promulgated 
during September 2005 in South Africa. The National Environnlental Management: Air 
Quality Act, 2001 (Act No. 39 of 2004) is a total paradigm shift from pernlitting sch~rluled 
processes (:~lt~hough still inclildcd in thc new act,) t o  anibicnt air quality standnrds. Sprc i t i~  
amhient concentration stmdards were set down by the Department of Enviroiinrental Affairs 
and Tourisr (DEATjfor specific pollutants, and the latter should not he exceeded. Specific 
amhient air quality nloniturillg would thus be an integral part of compliance to  the new act. 

Moreovcr, Chapkr  6 of the National Environmental Manage~ncnt: Air Quality Act. 2004 
in South Africa deals specifically with the issue of lnt~rnationnl Air Quality Managelnenr and 
transboundary air pollution. 

Air poilution modelling will thus he a fundamental tool in assessing the impact aud con- 
tribution of specific emissions to the ambient air qlrality. It  1s foreseen that regulations will 
illcorporate tilt use of wvcrai air quditg dispcrsiou luodeis as 0ficid r~g l l~a to ry  t,liok 

2.2 EMISSIONS AND SOURCES OF POLLUTION 

Africa is largely an underdeveloped continent with concentrations of intensive industrial ac- 
tivity occurring in isolated regio~is. In gencral the main sources emitting gases and aerosols 
into the atmosphere incli~de aeolian crustal nmterial cousisting of mineral soil dust, marine 
aerosols from the two adjacent oceans, biun~ass burning particles and gases ocnlrring mainly 
north of 20"  5. aerosols from indust,rial en~issiona and finally enlissions from the hiosphr~e 
( P i k ~ t h  and Walton, 2004). 

The first part uf the atmospheric cycle encompassm rnlissions from the earth's surface. 
Surface in this context can also be defined as rrlrases/ernissions elevatrd by hundreds of 
meters above the earth's surface. These rrnissio~ls can roughly be divided into two main 
categories: biogenic (natural) or, anthropogenic (man made/i~~dustrial) emissions. 

Anthropogenic and biogenic rnlissions arc of in tera t  to scientists as ud1 as policy makers 
Central and Southern Africa has uudcrgone aud continues to undergo large social. ecnnonlic 
and political chang~s  that contribute to largr-scale ~nodifications of land use and land cover. 
Anthropogc:nic infl~wnccs, don:, wit,ll a st,rorlg sonrcc of biogcnic en~issions and n largc natural 
variahility in both regional climate and ecosystem processes, combine to  effect changes i n  the 
hiogeochemical cycli~ig of the region and lead to increased pollution. The lnouutiilg burden 
of air pollutio~l and the deposition of polliltants h a .  serious implicatio~ls fur human health. 
ecosyslrru functioning and corrosiou of niaterials. 

The most significant anthropog~nir trace gas emitted intc~ t,he atrnospl~rrr ovrr S o ~ ~ t l l -  
ern Africa is sulphur dioxide (SOz). Particulate sulphatr (SO:-) is also emitted. Sulphur 
enlissions are concentrated in two major sourc? rrgions, the Mpumalanga Highveld of South 
Africa and the Zambian copperbelt. In addilion. there are several large isolated point sources. 
Siversten et. nl. (1995) have compiled a conlprehensive inventory for snlphllr emissions, cov- 
ering s o ~ ~ t h r r n  Africa south uf 17" S. Accordi~ig to Siversten et .  al. (1995), of the total of 1.1 
million tons of suplliur emitted into the regional atmosphere aunually (cxcluding Zambia), 



669$ originates in Sont,h Africa and of this aboul 90% comes from the Mpumalanga Highveld. 
This is the region of the country where most of thc major coal-fired power plants are situated. 
More than 90% of South Africa's electricity is generated from the co~rlbustion of coal, which 
contains approxiniately 1.2% sulphur and up to 45% a,sh (eia.dov.gov, 2004). Power produc- 
tion in South Africa accounts for 55% of the total emissions for sulphur in southern Alrica. 
The Zanlbiall copperbelt is also an important enlitter of SOz. Current,ly it is thought that 
the SO2 cmissions from these anthropogenic sources are up to 2.24 million tons per annum. 
Glohally approsinlately 74 n~illion tons of SO2 are emitted into the atmosphere per annum 
(Piketh and W a h n ,  2004). 

Large-scale air pollution has  traditionally been asociated with anthropogenic activities 
in industrialized parts of the world, primarily in the northern lieulisphere. However, recent 
satellite measurements of tropospheric ozone (03j have shown that, in addition to district 
plumes emanating from Nort,h America, Asia and Europe, large quantities of O3 emauates 
from tropical Africa. This source is reported as being most prominent during September 
(later during a dry season). Since. the industrial inputs to the atmosphere from this region 
were believed to bc small, it was thought dhat the ozone was formed by gaseous precursors 
derived from biomass burning (Otter el. al., 2001). tliomass burning, both natural and 
anthropogcnic, has b ~ e n  idmtificd as a siguiticmt suurce of radiativcly and chel~lically active, 
atmospheric gases and paritk:ulates. %vanns fires arc the single largest source of biomass 
burning emissions worldwide, and account fur abont 75% of all firc related eriiissions (Andreae 
et.  al., l9Y6) (Lacaux et. al.. 1993). Savanna fires account for ahout 57% of tlic total biuu~ass 
burnt on the African continent [Piketh et. al., 1996). Biomass burning is a seasonal source 
with thc highest iriterlsity between June and October. In the non-burning season (November 
to May) few fires arc detected sout11 of 20 ' S (central Zimbabwe). During the soutlieru Africau 
burning months (June to October). iargr liurnbers of fires are detected north of 20 ~ S with the 
highest intensity being in September (Scholes et, ul, 1996). Biomass emissions illclude COz, 
CHJ, CO. 03, NO, (NO + NOZ), non-rnethanc h3;drocarbo1m (NMHC's) and particulate 
matter. 

A field can~paig~i,  called the Southern rlfrican Fire-Atmosphere Rescarch Initiative (SA- 
FARI), waq undertaken in 1992 and 2000 to improve our understanding of trace gas crnissions 
on the subcontiue~it, particularly from biomass burning. This project showed that although 
h ~ s h  fires are s large source of aerosols and trace gases (which can contribute to the high 
ozone levels), t,hey were not thc only source (Otter et. al.. 2001). 

Another source of trace gases and aerosols is the burning of wood for energy Although 
bush fires havr been investigated, rrsearch on thc use of doiuestic fuels is minimal. .4 single 
household fire might be small. but collectively t,hry provide a cont,inaoos supply of by-products 
into the atmosphere throughout the year. Although fossil fiiels, hydropower and uuclear power 
supply most of our direct energy needs, the majority of the developing world's population 
relies principally on fuelwood, animal dung and crop residues for domestic hmting. These 
t,rnditional fuels arc used ~na i~ l ly  for cooking and space heating. These emissions are difficult to 
distinguish From hiomass burning and arr less seasonal. In view of its widespread occurrence_ 
particularly in the developing world, there is growiug concern about the impact that biofnel 
burning might have on the environmrnt. hlarufu ct. al. (2000) have estimated that these 
emissions account for a t  least as much as biomass burning and industrial ernissiow. Ludwig 
et. al. ('1003) reported that the source strength of biomass donlestic burning is in the order 
of 1500 Tg C02-C: yr-'. 140 Tg CO-C yrr ' ,  and 2.5 Tg NO-N yr-'. These magnitudes 
represent contril~utions of about 7 to 20% to the global budget of these gases. 



Besides emissions from burning, there are also biogenic sources of hydrocarbons, CO, COs. 
NO. NzO and aerosols. hlicrohinl activity in the soil is thc main biological source of NO; soil 
emissions of NO are equal to or greater than those from lightning, and much larger than 
any ot,lier biological source. Thc global NO budge1 was estimated hy Logan (1983) to be 
between 25 and 99 Tg NO-N y r '  with the microbial activity in soil contributing in the range 
of 4 - 20.2 Tg N yr-' (Davidson, 1991) (Potter et. al., 1996). These figures, as well as 
flux rates reported in more recent stndies (0.1-13.3 ng NO-N m2.s-') (Srrca et.  al., 1994. 
Serca et. al. 19981, indicate that the biogenic component is comparable to the glohal NO, 
emissions from fossil-fuel conlbustion (Levine et. al., 1997) (Scholes and Andreae, 2000). 
Non-methane hydrocarbons are enlitted from vegetation, which is estimated to be the source 
of 90% of the global NMHC budget. with tropical savanna producing an estimated 46.4 Tg 
yr-' as isoprene, 15.6 Tg C ?r-' as monoterpenes and 12% as other reactive volatile organic 
conlpounds (Gnmther et .  al. ,  1995). Thc total global en~issio~l rate of biogenic volatile organic 
carbons is 1150 Tg C yr-' , which is niore than 10 times that of the estimated annual global 
anthropogenic emission rate of 100 Tg C yr (Hough and Johnson? 1991; Muller, 1992). 
Biogenic enlissions of CHI contribute approximately 37% (25% from natural wetlands, 12% 
from rice paddies) to the global CHI budget (Conrad, 1997). Other sources of CH4 included 
krn~i t r s ,  ocrans, la~idfills, scwagu. Inaliurv a d  rn~niilauts (Otter et. d., 2001). Furthermore, 
savannas and grasslands are considered to be CHI sinks. but the few measured fluxes 111 sncli 
regions differ by more than an order of magnitude heranse CHI is emitted as wcll as consumed. 
The flux of CH4 (emission and consumption) in tropical savannas and grasslands needs to he 
more accurately estimated hrrause, owing to thc largc area covered, these ecosystems could 
si@iihcant,ly af ic t  the global CH4 budget (Otter. et. al.. 2001). 

An atmospheric pollutant often neglected is wind-blown dust. Emissions of crustal aeolian 
dust material, often termed aeolian or mineral dust, is caused primarily by the surface winds 
acting on dry soils wlwre vegetation cover is or has become sparse. The term mineral dust 
refers to a large range of species that are highly variable in their chemical con~position, and 
ir~clude such diverse conipounds as quartz. clay, calcite, gypsum, haernatite and others (Piketh 
and Walton, 2004). 

2.3 TRANSPORT OF POLLUTANTS 

The transport section of the atmospheric pathway consists of those processes t,hat mix material 
through the troposphere or occasionally expen into the stratosphere, and that carry material 
from where it is emitted!released into the atmosphere, to where it is eventually deposited on 
the earth's surface. 

Southern Africa is situated geographically beneath the planet,ary-scale, Southern hemi- 
sphere descending limb of the Hadley circulation throughout much of the year (Piket,h and 
Walton, 2004). The general circulation of the atmosphere over Southern Africa determines the 
transport of aerosols and tram gases over the region. Four major synoptic circulation types 
are responsible for most of the atmospheric transport of aerosols and gaseous pollutants over 
southern Africa: the sen~i-permanent subtropical continental anticyclones, transient inid- 
latitude ridging anticyclones, westerly barocliriic turbances and barotropic quasi-stationary 
tropical easterly disturbances (Schulze, 1965; Tyson, et. al., 1996; Preston-Whyte and Tyson, 
1977). The frequency of occurrence of each of t,hese circulatio~l pat terns varies seasonally. The 
most frequent synoptic-scale circulation type over southern Africa is the. continental anticy- 



clonic circulation which occurs up to 70% of the time during winter and 20% of the time in
summer (Tyson,et. at., 1996). Anticyclonic circulation and westerly disturbances result in
air transport from Africa to the southeast over the Indian Ocean in the Natal plume. This
anticyclonic flow results in considerable recirculation, which may either be confined to the
continent or extend over and return from the Indian Ocean. Easterly wave conditions favour
transport to the west over the tropical Atlantic Ocean in the Angolan plume. Transient mid-
latitude ridging anticyclones result in maximum transport originating in the mid-latitudes
and flowing towards the southern Atlantic Ocean (Piketh and Walton, 2004). The general
flow over southern Africa is summarized in Figure 2.2.
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Figure 2.2: A verage transport or air over southern Africa. The flow patterns
have been summarized from all transport trajectory climatologies undertaken for
this part of the continent (Piketh and Walton, 2004)

The northward and southward displacement of the Indian Ocean high pressure cell results
in a significant seasonal variation of the boundary layer winds over the Highveld region.
During winter (June to August), air flow into the lower boundary layer over the Mpumalanga
Highveld, characterized by the 800 hPa wind circulation (about 350 m above ground level), is
dominated by the Indian Ocean anticyclone, which extends inland over the northern region of
the subcontinent, resulting in dominant westerly and west-north-westerly winds over Gauteng
and the industrial region of Mpumalanga (Held, et. at., 1996), as shown in Figure 2.3.
However, during summer (December to February), due to the southward migration of the high
pressure belt, the circulation is characterised by a weak northerly-component air flow over
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the region. These winds then veer progressively towards north-north-east with the approach
of February and thereafter tend to back to westerly at the onset of autumn (March to May),
due to the gradual northward migration of the pressure belts (Held, et. at., 1996; Tosen and
Jury, 1986).

Figure 2.3: Mean monthly circulation at 800 hPa over Southern Africa for the pe-
riod 1969-1977 (after Tosen and Jury, 1988). The grey-shaded rectangle indicates
the industrial Highveld region

Following up on the above observations, a five-year backward- and forward trajectory cli-
matology of air transports from the industrial Highveld region of South Africa was compiled
(Piketh and Prangley, 1998). Five major transport pathways of air moving from the highveld
were identified (Indian Ocean Plume: 48%, Recirculation: 32%, Southern African Plume:
12%, Central African Plume: 6% and Cape Plume: 1%). The percentages refer to the fre-
quency of occurrence of the various pathways for an initiation level of the trajectories at 750
hPa (about 1000 m above ground level). Figures 2.4a to 2.4e illustrates these transport path-
ways schematically. It highlights that polluted air does not simply move out over the Indian
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Ocean, but up to 50% of the time either circulates over South Africa or flows northwards
over Africa, possibly affecting neighbouring countries in various degrees. In terms of seasonal
variation it was found that the Indian Ocean Plume is very dominant during the austral
winter and autumn, while during summer and spring its frequency is of the same magnitude
as that of Recirculation (Piketh and Prangley, 1998), which is in accordance with the mean
monthly circulations discussed above.

The southern African plume was identified as air parcels moving in a northerly direction
but remaining below 10 0 S. The Central African plume, on the other hand, included all
trajectories that moved above 10 0 S. A trajectory was classified as having recirculated once,
if it left and returned to southern Africa. According to this study, the Indian Ocean plume
consists of all the trajectories that moved quickly in the westerly winds. They may have
started to move eastward initially but began to move westward, before leaving South Africa,
and continued to do so. The Cape plume consisted of those trajectories whose paths moved
south for as long as they were tracked. Those moving south-eastward were placed into the
Indian Ocean plume. Each category is shown individually in Figure 2.4a to 2.4e.
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Figure 2.4: Five transport pathways from the industrialized Highveld region.
Percentages represent the annual persentage of flow from the five-year period
(Piketh and Prangley, 1998)

Indian Ocean plume: Almost 50% of air parcels moved directly off the subcontinent
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over the Indian ocean (Figure 2.4a). This coilfirms the direct advection of material off the 
highveld over bhe Indian ocean as proposed by Tyson et. al., (1988). 

Recirculation: Recirculatior~ over South Africa occurs 32% of the time from within the 
Highveld (Figure 2.411). An air parcel was considered to be recirculating if it showed any 
tendency to turn back 011 its initial pathway over soutliern Africa. The different recirculation 
patterns occurred a t  a range of scales as they were described in detail by Garstang et. al., 
(1996). The vast majority of the recirculating air parcel> exited the subcontinent on the east 
coast of South Africa (Piketh, et. al., 1998). 

Sou the rn  African Plume:  Slightly more than 14% of flow was t,rmsportul northward 
but remains below 10 degrees south (Figure 2 . 4 ~ ) .  This included all flows that remained 
over southern Africa which, in the main, were ultimately transported bowards bhe west or the 
Atlantic Ocean. This flow included that wtiich was described by Garstaug et. nl.. (1996) to 
be transported over the Atlantic ocean and which was termed easterly transport. On average, 
in view of the southern African cliniatology this type of flow occurred for 24% of tlle time 
from the surface to 800 hPa and for 13% of the time from 700 to 500 hPa for all spop t i c  
circulation types (Tyson et. al., 1996). The flow typically took between sever1 and ten days 
to reach the west coast of southern Africa. 

Cen t ra l  African Plume:  Altl~ough the sc l~ci~~at ic  ill Figurc 2.4d shows tluw 111nii11y t v  

the emtern equatorial Africa. the flow also reached the western parts of central Africa. Only 
4.5% of the trajectories travelled into central Africa above 10"  S. Although as a percentage 
of the total How from the highveld this is a relatively low frequency of occurrence, it does 
extend the possible impacts of highveld-generated pollutants over a significantly larger area 
thau ally of the utl~vr Huws. 

C a p e  Plume:  The least frequent of the transport pat,hways from the Highveld was the 
Cape plume (Figure 3.4e). This occurred for only 1.5 % of the time. The transport towards the 
south off the subcontinent was rapid and rarely exceeded three days. The plumes typically 
exited the subcontinent at approximately 25 ' E at a height of about 3000 nl (700 hPa). 
The transport along t l~is  pathway was therefore consistently below the level of the 700 liPa 
absolutely stahle layer. 

A fairly diverse climate prevails over the geographic regiuns of southern Africa. Most 
commonly the prominent mountain ranges constitute the main climatic divides. Ally gener- 
alizations made to cover the entire region would not erlcornpass all the featurcs present in 
each region. Schulze (1974) points out that there is iio truth in the myth that South Africa is 
drying up. Due to  the climatic diversity, one geographic region of the country could erperi- 
ence an above-normal rainfall whilst a drought may prevail in another area, More than 75% 
of the rainfall received in the subcontinent is concentrat,ed in the areas which lie to thc east 
of the great escarpment while less that 15% of the rainfall occurs over the interior plateau. 

In summer low air pressure conditions prevail o\,er the interior of South Africa and condi- 
tions are generally unstable promoting dispersal and relnoval of pollutants whilst the southern 
and western parts experience dry: stable conditions which do not favour the dispersal and re- 
moval of pollutants. However, the regular passage of southbound, high speed winds ensure 
that no severe build-up of pollutants occurs in these regions. During the winter however, 
stable conditions with low wind speeds prevail over most parts of the country and the dis- 
persion and removal of pollutants is not favoured. The wind in the upper atmosphere blows 
predominantly froin a westerly direction and thus a largr part of the pollutants are ultirrmtely 
transported to the Indian Ocean. 

Held et. a/. (1996) state that the maximuni heights of the mixing layer, i.e. the layer which 





An important factor that regulates the effect of a particular pollutant is its atmospheric 
lifetime. Clearly. a species that is present for only a few seconds in sufficient concentrations 
before it is eit,her dispersed/diluted out to such an extent that it exists in negligible quantities, 
or imdcrgocs roniplctr drron~pi~sit,inn. would rmt he vrpected to cause significant cffccts. 
The kinetics of chemical species is such that at higher altitudes, lower temperatures result 
in increased lifetinies of pollutants. Hence a more even global distribution is achieved if 
pollutants migrate vertically. Depending on the species and the minimum amount of it that 
needs to be present b~fore  a measurable effect is noticed, (threshold level) this phenomenon 
can he viewed as a dilutioil of a hazardous compound or the seepage of such a compound into 
other geographic regions. 

Important atmospheric reactions, which need to be considered, occur in the gas phase 
(homogeneous) and in the aqueous and particulate phases (heterogeneous). In t,his section, the 
main chemical reactions for sulphur dioxide and nitrogen dioxide are described qnalitatively. 

2.4.1 Sulphur dioxide chemistry 

Once emitted, SO2 may be oxidized to sulphates, which may form sulphuric acid aerosols by 
reactions occurring in the gas phase, in the liquid phase, on solid surfaces or combinations 
of these three. SO:! is quite readily dry-deposited, hut is relatively insoluble in cloud water. 
as dissolved SO2 comes to an equilibrium which depends on its Henry Law's constant, and 
thus the cloud water acidity (Campbell, 1997). However, photochenlical conversion of the 
gas to soluble sulphate aerosol and chemical reactions within cloud droplets, result in wet, 
deposition heing an important process. The photochemical oxidation in the gas phase is 
driven hy the H O  radical. Calvert et. al. (1978) have demonstrated that oxidation of SO2 
by photo oxidation is not a predominant mechanism, but the major pathway is rather through 
t,he reaction of SO? with the H O  radical. On a cloudless summer day, in a relatively clean 
tropospheric air mass. a 24hour averaged SOz oxidation rate of 0.7% per hour has heen 
estimated (Seinfeld and Pandis. 1998). 

Fkom a thermodynamic point of view, SO2 has a strong tendency to react with oxygen 
in the air. However, the rate of the reaction is so slow under catalyst-free conditions in the 
gas phase, that it can be totally neglected as a source of SO3 (Seinfeld and Pandis, 1998). If 
formed, SO3 reacts rapidly with water vapor to form H2S04, so that any processes, in wl~ich 
gaseous SO3 is formed in a moist atmosphere, can he considered equivalent to the direct 
formation of H2S04. 

The oxidation of SO2 to SO3 in the atmosphere has been found to proceed mainly along 
the following pathway: 

Sulphuric acid formed in Reaction 2.3 can be neutralized by NH3 forming (NH4)2SO4 or 
NH4HSO4. Rates of conversion generally seem to be higher during t,he day than at night, and 
in summer compared to winter (Seinfeld and Pandis, 1998). This is due to the fact that HO 
ia higher in daytime and in summer. The presence of liquid water in aerosols, cloud and fog is 
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Figure 2.5: Production and dispersion of atmospheric sulfur dioxide gas 
(Meetham, 1981) 

found to he an important factor in determining the rate of conversioi~ of SO2 (Finlayson-Pitts 
and Pitts, 1986). Furthermore; the reaction rate in liquids is influenced by the pH, metallic 
catalysts and oxidizing pollutants ( 0 2 ,  0 3 ,  H202) (Whelpdale and Kaiser, 1996). Thus, the 
intensity of sunlight, t,lle presence of oxidants and/or oxidant precursors, relative humidity 
and the presence of fog a d  clouds all appear to affect conversion rates. 

hlany oxidizing agents ( 0 3 ,  H202, PAN, rnethylhydroperoxide and peroxyacetic acid), 
forrned in the gas-phase, do not react with gaseous SOz a t  measurable rates. However, in 
aqueous-phase reactions of SOz, when these species are dissolved in cloud water, they readily 
oxidize dissolved SO2 (Helas and Pienaar, 1996). 

SO2 can he oxidized to  sulphate in heterogeneous reactious on fly ash (Cohen et. al., 1981), 
ferric oxide particles and free fall atmospheric dust (Rani et. al., 1992). However, Burger 
(lYY3) has demonstrated tlrat ferric oxide:. silicol~ diozidr and activated carboll or fly ash do 
not enhance the oxidation of SO2 in the gas-phae or in acidic aqueous solutions. 



2.4.2 Nitrogen dioxide chemistry 

The atmospheric chemistry of oxidized nitrogen compounds is complicat,ed because they may 
be corwerted into a nuniber of different chemical foril~s (Erisrnan and Draaijrrs. 1995). Ni- 
trogen oxides are produced in the troposphere primarily in the form of NO. Nitric oxide 
reacts rapidly with ozone to forni nitrogen dioxide. Unlike sulphur dioxide, which is con- 
verted irreversibly into sulphate (in solution or as a particle), the oxides of nitrogen may hr 
rh~mically transformed tlirongh a nlcn~her of differput compo~lnds, before eventllal deposition 
at the earth's surface (Campbell, 1997). There are three main pathways by which NO2 can 
be converted into nitric acid and nit,rate. 

Gas phase oxidation 
NO and NO2 are oxidized to the nitrate radical (NO3) by reaction with ozone (03) .  

NO2 +03 + NO3 + 0 2  ( 2 . 5 )  

In daylight, Reaction 2 .5  is rapidly reversed as the NOJ radical is photolyzed by sunlight, 
but in the dark, NO3 reacts further with NO? to give dinitragen pentoxide (NzOs). 

NOj  + NO2 - N205 (2.6) 

The NOj is rapidly removed if unreactcd NO is present in the atn~osphere. 

Reaction 2.6 is readily reversible, forming an equilibrium in the atmosphere. The N205 
fornied rriay react further with the water vapour to form nitric acid (HN03). 

However, this reaction only occurs at a surface, for example, tile surface of a cloud droplet 
or aerosol particle. NO? may also be oxidized directly to gaseous HN03 by reaction with 
H O  . 

The nitric acid formed in this way may t l~en dissolve in cloud or rain or be deposited 
directly a t  the earth's surface or react with aninioriia to form ammonium nitrate particles. In 
a similar manner, nitrous acid (HONO) may be produced by the reaction of NO and HO . 

Aqueous phase oxidation 
HONO may also be produced by the reaction of NO and NO2 with water 

NO2 + N O  + H20 + 2HONO 

Or by reaction of two inolecules of NO2 with water. 



21Y02 + Hz0 + HONO + H N 0 3  (2.12) 

These reactions can be a source of gas phase HONO in a surface-catalyzed reaction, but 
the NO and N02, despite their low solubility in pure water, can also dissolve in and react 
with cloud water. The rate of reaction is, however, very slow unless catalyzed by the presence 
of other solutes. 

In solution, HONO and NOT (nitrite) ions may be oxidised to give nitrate (NOT) ions by 
reaction with oxidants such as hydrogen per ox id^ (H702). 

Although other aqueous phase pathways have heen suggested for the oxidation of nitrogen 
oxides to nitrate, no strong evidence exists to assess their importance (Caniphell, 1997). 
Hydrolysis and reaction of organic nitratrs can occur, and there may also be aqneons phase 
reactions, which lead to the production of organic nitrates. 

Nitmte aerosols 
The third route. and one of the most important ones, for the incorporation of nitrate into 

cloud and rain droplets and ultimately into wet deposition, is through the action of nit,rate 
aerosol as cloud condensation nuclei (Canpbell, 1997). The various mechanisms by which 
gas-phase NO, (all oxidised nitrogen compounds, i.e., NO,, nitric acid, nitrate particle) may 
be converted into nitrate aerosol. Gaieous NOy compounds can react on the surfaces of sea 
salt aerosols to form sodium nitrate aerosol, with the liberation of chlorine-containing gases. 

NnCl+ h ' 2 0 5  + ClNO* + ,VnNO:j (2.15) 

Where HN03 and N205 are the main product of the daytime and night-time oxidation 
reactions of NO,, respectively. Nitrogen dioxide may also take part in reactions with sea salt 
aerosol. 

Nitric acid reacts with soil-derived particles to produce soluble nitrate aerosol. 

Nitric acid also reacts with gaseous ammonia forming ammonia nitrate, which may be 
taken up on preexisting atmospheric aerosol species, due to its relatively low volatility. 
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Figure 2.6: Major processes involved in the NO2 cycle (Seinfeld and Pandis, 1998) 

2.5 ATMOSPHERIC DEPOSITION 

Deposition phenomena are the physical and chemical processes in which the atmosphere 
cleans itself by depositing pollutants on the surface of the ~ a r t h .  There are two pathways 
according to which chemical species are removed from the atmosphere: wet deposition and 
dry deposition. \Vet deposition is the removal by precipitation scavenging and, to a lesser 
extent, impaction of fog or cloud droplets on vegetation. Dry deposition includes the direct 
adsorption or deposition of gases on the surface of particles. and the settling and impaction of 
particles. On a glohal scale, precipitatiou scavenging a d  dry deposition are by far the most 
efficient methods. Fog arid droplet deposition ran be locally important. especially in cloudy. 
high elevation regions in South Africa (WMO, 1996). 

Acid deposition and accompanying effects wvre tirst noticed as a large-scale envirormiental 
problem at the end of the 1960's. During the 25 years since it was originally observed, 
acidificatioi~ effects have occurred in mmy ways and ill various ecosystems. Early obsrrvatioils 
of aridification rtiects in lakes and streams were followed by later observations of groundwater 
acidification a n d  Iat,r!r still. soil acidification. Acid deposition had a considerablr ncpitivc 



impact on materials (WMO, 1996). 
Acidificat,ion effects are primarily associated with the atrnosphrric deposition of sulphur 

and nitrogen compounds. Deposition may occur in the form of strong acids (suiphuric acid, 
nitric acid, and infrequently hydrochloric acid) or compounds, which, after deposition, niay 
be converted to strong acids (e.g. sulphur dioxide and nitrogen dioxide). In this context 
ammonia is also a potentially strong acid. In soils it may be converted to nitric acid and 
thus cause acidificatio~i. In tropical areas organic-acid deposition may contribute as much as 
50% of the deposition of acids in precipitation. It is, however, assumed that these acids are 
nbsorbcd or oxidized in soil and will not cont,ribubc to soil acidification (McDou~ell, 1988). 

Acid deposition has been of interest not only for its role in acidification but also for effects 
associated with the deposition of nitrogen as a nutrient. Also. direct effects from sulphur 
dioxide and nitrogen oxides have sometimes been considered as acidification effects. i t  is, 
however, import,ant to note that in many areas of the world, concentrations of sulphur and 
nitrogen oxides exceed ambient air quality standards, and considerable emission reductions 
are rlecessary to p ro t~c t  human health. Sulplmr and nitrogen compounds may also affect 
physical and chemical properties of the atmosphere (Isaksen and Hov, 1987; Langt~er e t .  nl., 
1992). 

2.5.1 Wet deposition 

Wet scavenging is defined as the natural process by which atmospheric pollutants are attached 
to and dissolved in the cloud and precipitation droplets (or particles), and subsequently 
deposited on the earth's surface (Erisman and Draaijers, 1995). Precipitation scavenging is an 
effective mechanism for removing soluble trace gases and small particles from the troposphere. 
The gases and particles are incorporated into cloud droplebs and falling rain drops in several 
ways. Those trace particles in the atmosphere that act as ice-forming nuclei or condensation 
nuclei can be i~~corporated into hydrometers during the nucleation process itself. This is 
the process that generates cloud droplets from which raindrops form. In many parts of the 
world, sulphate particles are the most commonly found condensation nuclei in the atmosphere 
(Whelpdale and Kaiser, 1996). The cloud droplets that ltre generated continue to scavenge 
gases and particles in cloud as they grow in size. As they grow, the droplets fall faster until 
they leave the cloud base and are deposited as rain, carrying all of the scavenged pollutants 
with them. It is not only particulate sulpliate that is scavenged in this way, gaseous sulphur 
dioxide can also be dissolved in cloud droplets. whereupon it can be oxidized to sulphate by 
means of aqueous-phase chemical reactions (Summers, 1992) 

Clearly, the actual wet-deposition flux of chemical species to the surface depends on many 
factors. The most important ones are precipitation form (rain. snow, etc.) and precipitation 
rate, both of which are strongly related to cloud type, as well as amhient air concentrations 
within and below a cloud. These complex physicochemical processes can be integrated into 
several parameters such as scavrnging ratio. scavenging efficiency, and scavenging rate. These 
quantities have varying degrees of applicability, depending on the kind of precipitation system 
that is considered, but all of them can he forn~ulated from observations giving the "bulk 
characteristics of precipihting weather systems. For example, the mass scavenging ratio ( S R )  
is defined as the concentration of the dissolved chemical species per unit mass of cloud water 
or rain (C,) divided by the total concentration of the same species (or its precursor) per unit 
mass of ambient air, including thc mass water in the air (C,): 



The typical liquid water content of precipitating clouds is 1 g of water per 1 m3 of air at 
standard tcnlpcrat~~rc and ~ ~ C S S I I ~ C  (21 ' C and 101 kPa) (STP) (bnt it rnngcs fronl 0.1 to 
5.0). Since 1 m3 of air weighs approximately 1 kg (STP), if all the trace species in 1 m3 of air 
were dissolved in the cloud water (i.e., 100% scavenging efficiency), the species concentration 
in the rain would be magnifird by a factor of 1000 and the scavenging ratio would be 1000. In 
practice, the efficiency of re~noval of either poll~~tanls or of water itself is not loo%.. and hence 
the scavenging ratio can vary greatly. At a few lorations iu North America (Barrie, 1988) 
and Europe where concentrations of sulphur and nitrogen species have been simultaneously 
measured in the air and precipitation, values of S R  varied from 100 to a few thousand (Barrie, 
1988). 

The wet-deposition rate (Dw) is given by the precipitation rate (R) timcs the species 
concentration in the rain (C?): 

The ratio SRR is thus analogous to the dry-deposition velocity in the formulation of tlw 
dry-dcpositiun flus. IIowcvcr. fur wct clepusition. C, rrfers to the air concentrations at various 
at~nospheric elevations where the species are being incorporated into cloud- and rainwatpr, 
whereas for dry deposition, C, refers to the air concentration immediately above the surface 
(Barrie, 1988). 

The wet deposition in a given precipitation event is calculated as the product of the total 
precipitation (P) and the measured concentration (C,) of the species within the precipitation. 
In many regions the day-teday variation in wet-chemical deposition is controlled inore by the 
precipitation amount than by trace-chemical concentrations (Barrie, 1988). 

Wet removal pathways depend on multiple composite processes, involving numerous phys- 
ical phases, and are inflnenced by different pl~rnomrrra on a variety of physical scales. In 
dealing with wet deposition, one is not only dealing with the usual phases (gas, aerosol and 
aqueous), but in addition, the aqueous phase can be present in several forms (cloud water, 
rain, snow. ire crystal. hail), all of which have a size resolution hetween m and lo-" 
nl. To conlplicate matters even further, processes operating inside a cloud differ from those 
below cloud ba5e. The cunlplexity of wet deposition removal procpsses lead early investiga- 
tors to attclnpt a qnant,ificativu vf tlla rclittk~nsl~ip between airbor~lc sp(:cics ~.oilcentrations. 
nleteorological conditions and wet deposition rates by lumping the effects of these processes 
into a few parameters. 
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Figure 2.7: Conceptual framework of the wet deposition process (from Seinfeld
and Pandis, 1998)

The wet-deposition flux is given by the product of the measured concentration of the
species of interest in the rain and the precipitation rate:

F=CP (2.20)

Where F = wet flux (mol.m-2.yr-1), C = measured concentration in precipitation (mol.m-3),
P= precipitation rate (mm.yr-1).

One overwhelming characteristic of wet deposition is how much the total wet deposition
of one chemical species can vary from one event to another. Precipitation itself is a highly
intermittent phenomenon occurring about 5% of the time in the mid-latitude cyclonic belt,
with amounts varying for a given trace with several centimeters from one event to the next;
the concentration of a chemical species can vary by an order of magnitude. The largest
difference between events occurs on the periphery of industrial regions where emission rates
are high. There, depending on air-mass trajectories, the air can be clean or heavily polluted.
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\Vithin regions with high e~nissions and in remote areas, the concentrations vary less. Thus, 
in southeast Canada and southern Scandinavia, wet-deposition episodicity is the highest, with 
less than 10% of the wet d q s  accounting for 50% or more of the annual wet deposition of 
sulphate being typical. In extreme cases a single precipitation event can contrihute up to 30% 
of the annual chemical deposition (Summers, 1992). 

2.5.2 Dry deposition 

Dry deposition must always be considered in any calculation of total deposition of an acidifying 
compound. whether it is related to a specified receptor surface or to a large area. The dry 
deposition of gases and particles from the atmosphere to a receptor surface is governed by 
the concentration in air and the turbulent transport processes in the boundary layer, as well 
a3 by the cheniical and physical nature of the depositing species and the capability of the 
surface to capture or absorb gases and particles. The dry-deposition process involves close 
iuteraction between the atniosphere and the surface in which the characteristics of individual 
underlying surfaces often determine the mass-transfer rates. The transport of gases and 
particles from tlip atniosphere to the vicinity of the receptor surface is governed by the level 
of atmospheric turbulence, generated by both wind shear and buoyancy. The higher the level 
of atmospheric turbulenc~. the more efficiently gases and particles are transported to a give11 
receptor surfacr. Depending 011 the characteristics of the surface, the ability to "capture" 
pollutants from the air may vary by more than an order of magnitude, causing highly varied 
dry-deposition rates even over snlall areas. Forests, especially coniferous forests, normally 
receiw relatively high dry deposition of acidifying compounds, whereas lake surfaces receivr 
much lower ones. Deposition extremes are often ohserved at forest edges or in forest,s 011 

mountain slopes (Hicks et. al., 1987). 
Around the source, dry deposition is dcterminrd primarily by the configuration of the 

sources, the type of sources and thc pollutant's mixing in the atmosphere. For high-level 
sources, the deposition near to the source is small and increases with downwind distance 
from it, until it reaches a maximum and decreases again. However, for ground-level sources, 
dry deposition takes place in the immediate vicinity of the source, where concentrations are 
highest and then gradually decrrases downu-ind. At somr distance. thc, influence of the source 
on the concentration gradient is diminished. At this point, the pollutant is mixed throughout 
the boundary layer and the concentration gradient is determined primarily by dry deposition 
processes (Erisman and Draaijers: 1995) 

Two layers can be distinguished in thr boundary layer for transport of pollutants to a 
receptor: the fully turbulent layer and the quasi-laminar layer. The quasi-laminar layer is 
in t rodi~cd to quantify the way in which poilubant tmnsfcr diffcrs from nlomcntilnl transfrr 
in the immediate vicinity of the surface (Hicks et. al.: 19Y7). In this layer, t,he transport to 
the receptor is dominated by lriolecular diffusion. Once at the receptor surface, the chemical, 
biological and physical nature of the surface dctermines the rapture or absorbency of the 
gases and particles. For gases, surface uptake is frequently controlled by the ability of the 
surface to adsorb the sprcific (:henliral species. 

111 any circunistance dry-deposition rates are proportional to the concentrations of air 
immediately above (or surrounding) the receptor under consideration. The "constant" of 
proportionality is referred to as a depositio~~ velocity (Vd) which depends on factors mainly 
associated with turbulence and related to characteristics of the air near the surface, as well as 
the composition of the surface itself. Depeuding on the chcnlical in qucstiou. different factors 



assums important roles in determining the magnitude of Vd. In the case of sulphur dioxide. 
for example, the surface moisture and the photosynthetic activity of vegetation are important 
factors. The dominant terrestrial snrface sink of sulphur dioxide is via open stomata into 
plant mesophyllic tissue. Actively respiring veget,ation presents a good sink for SO2, whereas 
the same vegetation suffering under water stress does not (Sheill et. al., 1979). 

I11 practice, using a standardizrd deposition velocity in numerical models is an engineering 
approximation that is particularly attractive in relation to large-scale simulations because it 
combines the effects of many complex processes into a single term (Ihsely and Hicks, 1977) 

In conclusion, we note that the use of a deposition velocity approach in large-scale numeri- 
cal models is a simplification of con~plicated processes that result in substantial co~nputational 
convenielice. This is in contrast to the complexity with which chemical reactions axe addressed 
in advanced Eulerian inodels. If deposition processes were described with the detail permitted 
by current understanding, much greater surface detail would be required and computation 
time would be increased considerably (\Vh4O, 1996). 

2.6 MATHEMATICAL MODELLING 

2.6.1 Introduction 

It is becoming conimon in the environmental sciences to describe complex systems of inter- 
acting physical, chemical, and biological processes through the design of nuuierical "models". 
These models consist of sets of nlatlien~atical equations that attempt to describe processes 
observed in nature, allowing scientists to create replicas: of natural systems with a computer, 
so that the causes and effects of system behaviour may be better understood. Althongh we 
can study individual interactions within a system l ~ y  using laboratory simulations or, under 
favourable conditions, hy directly observing nature, the complexity of the Earth's system 
processes makes the use of these mathematical niodels necessary, in order to comprehend the 
behaviour of the system a5 a whole (Graedel and Crutzen, 1997). 

Once scientists are sufficiently convinced of a model's validity, they begin to use the ulodel 
to predict future conditiom arising from changes in important variables within the system sucll 
as natural processes, solar activity, volcanic eruptions, anthropogenic factors, and emissions 
of industrially produced trace gases, iUodels can also be used to study the past, which in 
turn provides additiorial opportunities for testing the models or for learning niore about past 
processes. It is the ability of models to explore situations remote from current conditions and 
unavailable in reality, as well as their ability to allow numerical experiments aimed at the 
question, "what would happru if.. .?"; that makes them potentially valuable (Graedel and 
Crutzen, 1997). 

Numerical atmospheric models differ greatly in conlplexity, especially in their degree of 
spatial and temporal resolution. Ideally, a   nod el should be able to generate predictions 
specific to large and sniall geographical areas and for long and short time ir~tervals. In 
practice, though, the inforniation required to perform the calculation may not be available, 
or the capabilities of computers may he insufficient. All coulputer modelling efforts at best 
represent trade-offs: scientists must choose spatial and temporal resolution at the expense 
of physical, chemical, and meteorological detail, or vice versa. For exainple, smog chemistry 
may be calculated in great detail, but only for a sniall localized area (e.g. single city), or 
climatological features could be calculated for a ccntury, but only for contiuents instead of 



individual regions. Each choice has its uses and li~iiitations; no single model can serve all 
needs (Graedel and Crutzen, 1997). 

A wide range of different models have been published in scientific papers, and an even larger 
number of unpublished niodels and special model versions exist. Rlodels can be distinguished 
on many grounds: e.g. the underlying physical concepts, the temporal and spatial scale, and 
the type of component involved. Contemporary air pollution models deal with ';conventiorlal': 
primary pollutants (mainly SO2, CO, NO, and VOC's). At present the need is recoguized 
for extending the models to  include hea\-y metals and persistent organic pollutants (POP's). 
Modelling of visibility, particulate concentrations (particulate matter with a size distribution 
smaller than 10 pm (PM1")) and aquatic phase chemistry are among the most important 
current model developmental trends (hloussiopoulos et. nl., 1996). 

There are a wide variety of air quality models that have been developed for different pul- 
lution sollrces, meteorology, duwnwind distances, and other factors that afiect how pollutants 
are dispersed in the atmosphere. In general, however, all of these models require two types of 
data: information about the source being modelled. including the pollutant emission rate, and 
information about the dispersing characteristics of the meteorology surrounding the source, 
such as atmospheric stability, wind speed and direction. The model uses this infornlatiou to 
mathematically simulate the pollutant's downwind dispersion in order to derive estimates of 
concentration at a specified locatiori. Some n~odels even simulate the cllen~ical transfornia- 
tions and removal processes that can occur along the transport path (Zannetti, 1990). 

According to Zannetti (1990) four groups of application areas are defined for air pollution 
models: regzilatwry purposes: policy s ~ ~ . p p w t ,  puhlic inforrnatim and scientific research. hlore- 
over, operational forecast and emergency preparedness models are emerging model application 
areas in the last decade. 

A sound air quality management strategy is necessary to address all emissions and their 
relative impact on the environnient. Air pollution modelling is an integral part of such a 
sound air quality managemmt program, with the aim to determine the relative impact of 
industries on the receiving environment (Fonrie, 2000). 

Mathematical models provide the necessary fraruework for integration of our understanding 
of individual atmospheric processes and study of their interactions. A combination of state- 
of-the-art measurements with statcof-the-art models is the best approach for making real 
progress toward understanding the atmosphere. 

In urban and regional air quality studies, one has oftell to address questions such a? tlie 
following: 

What is the contribution of Source A to the concentration of pollutants at Site B? 

IVhat is the most cost-effective strategy for reducing pollutant concent,rations below an 
air quality standard? 

What will br  thr cffect on air qnality o f  t l ~ e  addition or redu<:tion of a spccifil: ail- 
pollutant eniission flnx'! 

Where should one place a future source (industrial complex, freeway. etc.) to minimize 
its environmental impacts? 

What will he tlie air quality tomorrow or the day after? 



Addressing the above questions requires understanding of the relationships between m ~ i s -  
sion fluxes and ambient concentratior~s. A model involving descriptions of emission p;tttrrns. 
meteorology, cheiniral transformatio~~s, and removal processes is the essential tool for ?stab- 
lishing such relationships. Such a   nod el provides a link between emission changes from source 
control measures and resulting changes i11 airborne concentrations (Seinfeld and Pandis, 1998). 

2.6.2 Why air quality modelling? 

According to Seinfeld (1975) air quality models are unique tools for: 

establishing emission control legislation: i.e. determining the maximum allowable emis- 
sion rates that will meet tixed air quality sta~idards; 

evaluating proposed emission control techniques and strategies: i.e. evaluating the im- 
pact of future abatement and mitigation control options; 

0 selecting locations of future sources of air pollutants, in order to mininiise their envi- 
romnental impacts; 

planning the cont,rol of air pollution episodes; i .e  defining iinrnediate interventior~ 
strategies. (i.e. warning systems and real-time short-term emission reduction strategies) 
to avoid severe air pollution episodes in a certain region; 

0 assessing responsibility for existing air pollnt,ion levels; i.e. evaluating present source- 
receptor relationships. 

It is important to clarify what air quality niodelling is and what it is not. Air quality 
modelling is an indispensable tool for all of the above analyses. It is however, only a tool. 
Modelling, like monitoring, is not the solution of the air pollutiori problem, even though each 
is sometimes presented as such. hlonitoring and modelling studies constitute only a relative 
inexpensive activity whose results, in the best case, provide useful information for possible 
future implementations of much more expensive emission mitigation and abatement strategies 
(Zannetti, 1990). 

It is also important to clarify the real rolr oI modelling versos monitoring efforts. It is not 
~lrnisl~al ~ I J  ht:ar qualitird scientists in;tkin(: statr:ments slicl~ as "Why (10 n70 n<:<:d to 111o,le1 
that? Let's measure it; that's all we need," "Models do not work," etc. These statements 
imply unsr:ieritific thinking. Science involves the development of theories (or "models") based 
on (1) the empirical interpretation of experimental data, (2) thr  grneralization of experiinental 
relationships, or (3)  pure speculative thinking subsequently confirnird by experimental results. 
The advancement of science is not the consequence of monitoring actix-ities: even though the 
collection of good, reliable experirriental data is often (but not always) a necessary (but not 
sufficient) condition to it (Seinfeld and Pandis, 1998). 

The ahow colicepts. which are well-established in most scimtific circles, are son~etirries 
alien to the environmental community, where, for example, it is commonly believed that 
environmental measurements are the "real world.  They are indeed not. Monitoring data 
are indispensable for inferring theories or parameters and calibration or validating computer 
simulation packages. Their spatial and temporal resolution. however, is generally insufficient 
to quantify them as the real wurld. Only a well-tested and well-validated simulation model can 
be a good representation of tlit- real world, its dynamics and its responses to perturbations. 



Close interaction among ambient monitoring, laboratory experiments, and modelling should 
take place. Monitoring (routine or intensive) identifies the state of the atmosphere and 
provides data needed for use and evaluation of atmospheric models. Laboratory studies 
generally focus on a single atmospheric process, providing parameters needed by atmospheric 
models. Models are the tools that integrate our understanding of atmospheric processes. 
Evaluation of models often points out gaps in our understanding, leading to more laboratory 
and field measurements aud then further rriodel development (Seinfeld and Pandis. 1998). 

Although measurements form an important aspect of monitoring, measurements alone are 
rarely snfficient to det,erniinr tho inlpact of air pollution on thc cnvironniont. Slodcls arc 
often needed to establish larger scale average exposure and deposition fields, which cannot 
easily be derived from measurements. The reason is simply that observations are made at 
a few locations only and may therefore not be very representative of larger areas. Substan- 
tial uncertainty can be introduced if measured data are extrapolated or interpolated into 
larger domains. Models are therefore used to generate best estimates in situations where 
measurements are lacking or cannot be made. Models are also necessary if the relative im- 
pact of various sources (source categories, emissions frorn different regions or countries) or 
emission scenarios have to be investigated. A consistent mass budget of emission, transport 
and deposition can only be obtained by means of employing models (Fourie, 2002). 

2.6.3 Modelling topics 

Numerical modelling techniques can be applied to all aspects of the air pollution problem, but 
the most widely use of models is to describe phenomena that take place in the atmosphere. 
These include: 

atnlospheric transport; 

turbulent atmospheric diffusion; 

atmospheric chemical and photochemical reactions; 

ground deposition. 

2.6.4 Suitability of models 

The extent to which a specific air quality model is suitable for the evaluation of source im- 
pact depends upon several factors. These include: (1) The meteorological and topographic 
complexities of the area: (2)  the level of detail and accuracy needed for the analysis; (3) the 
technical competence of those undertaking such simulation modelling; (4) the resources avail- 
able; and ( 5 )  the detail and accuracy of the data base, i.e. emissions inventory, meteorological 
data, and air quality data. Appropriate data should be available before any attempt is nmde 
to apply a model. A model that requires detailed, precise input data should not be used when 
such data is unavailable. However, assnming the data is adequate, the greater the detail with 
which a model considers the spatial and temporal variations in emissions and meteorological 
conditions. tlie greater the ability to evaluate tlie source inipact and to distinguish the effects 
of various control strategies (Seinfeld and Pandis, 1998). 

Air quality models have been applied with the most accuracy or tlie least degree of uncer- 
tainty to simulations of long-term averages in areas with relatively simple topography. A r e a  



subject to major topographic influences experience meteorological complexities that are ex-
tremely difficult to simulate. Although models are available for such circumstances, they are
frequently site specific and resource intensive. In the absence of a model capable of simulating
such complexities, only a preliminary approximation may be feasible until such time as better
models and databases become available.

Models are highly specialized tools. Competent and experienced personnel are an essential
prerequisite to the successful application of simulation models. The need for specialists is crit-
ical when more sophisticated models are used or the area being investigated has complicated
meteorological or topographic features. A model applied improperly, or with inappropriately
chosen data, can lead to serious misjudgements regarding the source impact or the effective-
ness of a control strategy (Fourie, 2002).

The resource demands generated by use of air quality models vary widely depending on
the specific application. The resources required depend on the nature of the model and its
complexity, the detail of the database, the difficulty of the application, and the amount and
level of expertise required. The costs of manpower and computational facilities may also be
important factors in the selection and use of a model for a specific analysis. However, it should
be recognized that under some sets of physical circumstances and accuracy requirements, no
present model may be appropriate. Thus, consideration of these factors should not lead to
selection of an inappropriate model (Seinfeld and Pandis, 1998).

According to Zannetti (1990) three major categories of information are required to formu-
late inputs into models: air quality, emissions, and meteorology. Consequently, it is appro-
priate to think in terms of a modelling system, as illustrated in Figure 2.8 and not only an
air quality model. Emissions and meteorological information, as well as boundary and initial
conditions must be supplied to the air quality model, as shown by the flows in the figure.

Initial + Boundary CondItions
(or output from a coarser scale

meteorological model)

Emissions
Model

WInd + Temperature
Iuformatlon

Meteorological
Model

Emission
Estimates

WInd + Dispersion
Information;

Iusolation

Air Quality
Model

PoUutant
Concentration Flelds

~As functionofSpace+ Time).
Initial Conditions, Bounda.,. CondItIons
(oroutputfroma marserscale model)

Figure 2.8: The air quality modelling system (Zannetti, 1990)

A detailed scheme of individual components included in an atmospheric chemical transport

43



model is depicted in Figure 2.9 (Seinfeld and Pandis, 1998). 

Predicted 
Concentrabon 

Figure 2.9: Elements of a mathematical atmospheric chemical transport model 
(Seinfeld and Pandis, 1998) 

2.6.5 Spatial scales of models 

Air pollution transport plwnomena are decisively influrl~red by atmospheric processes: which 
are commonly classifid with r v g d  to their spatial scale. The latter is in turn related to 
the characteristic time of the individual process. Orlanski (1975) reconnnends distinguishing 
between the following atmospheric scales: 

0 Macroscale (characteristic lengths exceeding 1,000 km); at this scale, the atmospheric 
flow is mainly associated with synoptic phenomena, that is, the geographical distribution 
of pressure systems. Such phenomena are mainly due to large-scale irhornogeneties of 
the surface energy balance. Global dispersion phenomena (as well as the majority of 



regional-to-continental scale) are related to macroscale atmospheric processes, for which 
the hydrostatic approxin~ation can he considered as valid. 

Alesoscale (cl~aracteristic le~~gtl is  iwtwren 1 and 10OO kin); t l ~ r  flow configuration in the 
n~esoscale is dependent hoth on hydrodynaniic effects (e.g. flow cl~anrielling, roughness 
effects] and inhonlogenetieu of the energy balance (mainly due to the spatial variation of 
area characteristics (e.g. land use, vegetation, water), but also as a consequence of ter- 
rain orientation and slope. From the air pollution point of view, thermal effects are t,hc 
most interesting. as they are of particular importance at times of weak synoptic forcing, 
that is. bad ventilation conditions. As a mininlurn requirement mesoscale meteorological 
models should bc capable of simulating local circulation systems, for instance sea and 
land breezes. Mesoscale atmospheric processes affect primarily local-to-regional scale 
dispersion phenomena, of which urban studies are the most important examples. The 
description of such phenomena requires, even for practical applications, the utilisation 
of fairly complex modelling tools. 

0 Microscale (characteristic lengths below 1 km); in general, air flow is exceedingly corn- 
plex at this scale, as it depends strongly on detailed surface characteristics (that is, form 
of buildings, their orientation with regard to the wind direction, etc). Although thermal 
cffccts may contribute to the g-cncration of tllrst. flows, they are mainly determind by 
hydrodynamic effects (e.g. flow cha~~neling, roughness effects) which have to be de- 
scribed well in an appropriate simulation model. In view of the complex nature of such 
effects, local scale dispersion phenomena (which are to a large extent assoriated with 
microscale atmospheric processes) are mainly described with robust "sinlple" models in 
the case of practical applications, such as street canyon models. etc. 

However Zannetti (1990) made a distinction between the differeut scales of dispersion 
phenomena as follows: 

Near-field pl~enon~ena (< 1 k n ~  fron~ the source); e .g  downwash effects of plun~e caused 
by building aerodynamics. 

0 Short-range transport (< 10 k ~ n  from the source)j e.g. the area in which the rr~axiniun~ 
ground-level impact of primary pollutants from an elevated source is generally found. 

Intermediate transport (between 10 k ~ n  a ~ i d  100 km); e.g. the area in which chen~ical 
reactions become inlportant and must be taken into account. 

Long-range (or regional or interstate) transport (> 100 km); e.g. the area in which 
large-scale meteorological effects. deposition and transformatioli rates play key roles. 

0 Global ckc t s :  i.c. p l ~ s n ( ~ n ~ s ~ l a  affecting tlit: t:nt,irt: mrt , l~ atmospt~ere: t:.g C 0 2  accumu- 
lation. 

2.6.6 Classes of models 

Models describing the dispersion and transport of air pollutants in the atmosphere can be 
distinguished on many grounds, for example: 

The spatial scale (global, regional-to-continental, local-to-regional and local) 



The temporal scalr (rpisodic models, statistical and long-term models) 

The treatment of trausport equations (Eulerian and Lagrangian models) 

The treatment of various processes (chemistry, wet and dry deposition) 

Ensemble models. 

The complexity of the approach 

Air quality modelling procedures discussed can be categorized iuto four generic classes: (1) 
Gaussian, (2) numerical, (3) statistical or empirical, and (4)  physical. Withiu these classes, 
especially Gaussian and numerical models, a large number of individual "computational algo- 
rithms" may exist. each with ils own specific applications. While each of the algorithms may 
have the same generic basis, e.g. Gaussian, it is accepted practice to refer to them individually 
as models. For example, the Industrial Source Complex (ISC) model is commonly referred to 
as individual niodels. In fact, they are both variations of a basic Gaussian model. In many 
cases the only real difference lxtween models withiu the different classes is the degree of detail 
considered in the input or output data (Zannetti, 1990). 

1. Gaussian models. Gaussian plume models are the most widely used techniques for 
estimaring the impact of non-reactive pollutants, or pollutants being treated as non- 
reactive. It is based on the assumption t,hat the plume coucentration at each downwind 
distance has independent Gaussian distributions both in the horizontal and in the rer- 
tical axis, thus the Gaussian formula will describe a three dimpn~ional con cent ratio^^ 
field geuerated by a point source under stationary meteorological and rmission coudi- 
tious. Almost all the models recommended by the EPA are Gaussian. Gaussian models 
have been modified to incorporate special dispersion cases. A simplified version of the 
Gaussiau model, the Gaussian climatological model, can be used to calrulate long-term 
averages (e.g. annual values). 

2. Numerical models may be more appropriate than Gaussian models for area source ur- 
ban and industrial applications that involve reactive pollutants, but they require much 
more extensive input databases and resources and therefore are not as widely applied. 
According to Zannetti (1993), the following numerical types can he distinguished: 

Plume-rise models. In most cases, pollutants injected into ambient air are at a 
higher temperature than the surrounding air. Most i~ldustrial pollubants, moreover, 
are emitted from smoke stacks or chimneys, and tlierefore possess an initial vertical 
momentum. Both factors (thermal buoyancy and vert,ical momentum) contribute 
to iu~.r~:asiq: t l ~ c  vffvctivv stack heigl~t. Phni~c-riw ~ u o ~ l t ~ l s  calculatr tha vt:rtical 
displacement aud general behaviour of the plume in this initial dispersion phase. 
Both semi-empirical and advanced plun~e-rise formulations are available. 

Eulerian models. The transport of inert air pollutants may be conveniently simw 
I n t d  by t l i ~  aid of tlicsr u1odc:ls which nurilcrically solvc the atrr~osphcric diffusion 
equation, that is, the equation for conservation of mass of the pollutant (Eulerian 
approach). Such models arr usually embedded in prognostic meteorological mod- 
els. Advanced Euleriau models include refined sub-models for the description of 

turbulence (e.g. second-order closure n~odels and large-eddy simulation models) 



Lag~angiari models. As an alternative to Eulerian models, the Lagrangian approach 
consists of describing fluid elements that follow the instautaneous flow of air. Tliry 
include all models in which plumes are broken up into elements such as spgments, 
puffs. or particlrs. Lagraugian models use a certain nunlher of fict,itious parti~:l~:s 
to simulate the dpamics  of a selected physical parameter. Particle motio~i can be 
produced by both dpterministic velocities and semi-random pseudo-velocities gen- 
erated using Monte Carlo techniques. Hence, transport caused by both the average 
wind and the turbulent trrms due to wind Huctuations is taken into account. 

Chemical modules. Several air pollution models include modules for the calcu- 
lation of chemical transformation. The complexity of these modules ranges from 
those including a simple, first-order reaction (e.g. transformation of sulphur diox- 
ide into sulphates) to those describing complex photochemical reactions. Several 
reaction schemes have been proposed for simulating t h ~  dynamics of iliteractirig 
chemical species. These schemes have been implementpd into both Larigrangiari 
and Eulerian photochemical models. In Eulerian phobocliemical models, a three- 
diniensional grid is superimposed to cover the entire computational domain, and 
all rheniical reactions are simulated in each cell a t  each time step. In the Lan- 
grangian photochemical models a single cell (or a column of cells or a wall of cells) 
is advected according to the main wind in a way that allows the injection of the 
emissioi~s encountered along the cell trajectory. 

3. Semi-empirical / Statistical models. This category consists of several types of models 
that were developed mainly for prartical applications. In spite of co~isiderable con- 
ceptual diffvrei~ces withiu thc category, all tlicsv models arc charactcr id  by drastic 
sinlplifications and a high degree of empirical paranieterizations. Among the n~embers 
of this model category are box models and various kinds of parametric models. Sta- 
tistical or empirical techniques are frequenbly employed in situations where incomplete 
scientific understanding of the physical and chemical processes, or lack of the rcquired 
databases make the use of a Gaussian or numerical model impractical. 

4. Physical mndelling, the fourth generic type. involves the use of wind turmel or other Ruid 
modelling facilities. This class of modelling is a complex process requiring a high level 
of technical expertise, as well as access to the necessary facilities. Nevertheless, physical 
modelli~ig may be useful for complex How situations, such as building, terrain or stack 
dowi~wasli ~:onditioiis. 1111ni1tl impxt  OIL tblevated tcrraiu, ~liffusion ill an urbm c ~ ~ v i r , ~ n -  
nient, or diffusion in con~plrx terrai11. It is particularly applicable to such situations for 
a source or group of sources in a geographic area limited to a few square kilometers. If 
physical modelling is available and its applicability demonstrated, it might be the best 
technique. 

5. Receptor models, in contrast to dispersion models (which compute the coutribution of 
a source to a receptor as the product of the emission rate ~rlultiplied by a dispersion 
coefficient), receptor uiodels start with observed concentrations within a receptor and 
seek to apportion the observed concentrations at a sampling point among several source 
types. This is doue based on the known chemical composition of source and receptor 
materials. Receptor models are based on mass-balance equations and are intrinsically 
statistical in the sense that they do not include a deterministic relationship between 



emissions and concentrations. However, mixed dispersion-receptor modelling method- 
ologies have been developed recently and are very promising. Table 2.1 gives a summary 
of each scale of dispersion phenomenon. 

2.6.7 Levels of sophistication of models 

In addition to the varions classes of models. there are two levels of sophistication. The first 
level consists of general, relatively simple estimation techniques that provide conservative es- 
timates of the air quality impact of a specific source. or source category. These are screening 
techniques or screening models. The purpose of such techniques is to eliminate the need for 
further more detailed modelling for those sources that clearly will not cause or contribute 
to ambient concentrations in excess of either the National Ambient Air Quality Standards 
(SAAQS) or the allowable prevention of significant deterioration (PSD) concentration incre- 
ments. If a screening technique indicates that the concentration contributed by the source 
exceeds the PSD increment or the increment remaining to just meet the NAAQS, then the 
second level of more sophisticated models should be applied. 

The second level consists of those analytical techniques that provide more detailed treat- 
ment of physical and chemical atmospheric processes, require more detailed and precise input 
data, and provide more specialized concentration estimates. As a result they provide a more 
rcfincd and, at least t1isorstk:allyl a niorc amxratc estiniatt, of source impact am1 the cffec- 
tiveness of control strategies. These are referred to as refined niodels. 

The use of screening techniques followed by a more refined analysis is always desirable. 
However, there are situations where the screening techniques are practically and technically 
the only viable option for estimating source impact. In such cases, an attempt should be 
made to acquire or improve the necessary databases and to develop appropriate analytical 
techniques. 

2.6.8 Practical modelling considerations 

Practical application of air quality models requires: 

8 analysis of the problem; 

8 selection of the appropriate model(s); 

8 application of the selected model(s) (Zannetti, 1990). 

According to Zannetti (1990), the analysis of the problem requires, as a minimum, the 
identification of: 

8 the type of pollutant (reactive or non-reactive); 

the averaging time of interest (e.g. instantaneous concentrations for odour problems; 
one-hour averages for short term cases: or annual averages for long term analysis); 

the characteristics of the doniain (e.g. simple flat terrain cascs or coniplex topography); 

the computational limitations (e.g. siniple assumptions or more complex formulations, 
depending on the available computational facilities). 

Model selection shonld he performed by taking into w:coimt the ahove factors, as illustrated 
in Figure 2.10. 



Table 2.1: Summary of each scale of dispersion phenomenon: 1. Regulatory purposes; 2. Policy support; 3. Public 
information and 4. Scientific research (Zannetti, 1993) 

Scale of atmospheric process 
Scale of dispersion Regional-to- 

I regional ( continental 
Model t v ~ e  

" A  

Plurne-rise 
Gaussian 
Semi-empirical / Statistical 
Eulerian 
Lagrangian 
Chemical 
Receptor 

1,2,4 
1,Z.d 
1,2,3.4 
1,2,4 
4 
1,2:4 

2,4 
2,4 
2.4 

1,2 
1 2 , 4  
2.3.4 
4 

2,3,4 
2,4 

2 4  

2,4 
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Figure  2.10: T h e  model  selection process (Zannet t i ,  1990) 

2.6.9 Model evaluation 

Finally, the optimal application of a numerical model for control strat,egy analysis should 
incorporate its calibration arid evaluation with local quality monitoring data, in order t,o 
determine its applicability and minimize forecasting errors, as illustrated in Figure 2.11. 
Olily 111ode1s that liavv I~ee11 verificd by past data sliould be usud lor lubuc fi~rccasti~ig. 
Calibration and evaluation are, however. difficult in many cases, w11t.n sufficient air quality 
and meteorological data is not available, and in~possible in others, when? for example, models 
are used to  sir~iulate the impacts of possible future new sources (Zannetti. 1990j. 

Analyzing the potential for the practical use of mathematical models for air quality a\- 
sessments iniplies investigating the following aspects: 

Which kind of statements can he made by the aid of ~iiodels (qualitative approach). 

The accuracy of these statements (quantitative approach) 

It appears that the former approach is easier, because it only requires knowledge of the 
cliaracteristics and the application range of a n~odel. In addition to this, quantification of the 
accuracy of the model results presupposes insights into the following: 

0 Illput data accuracy a i d  liow the latter affccts the accuracy of ~uodcl rcsnlt,~. 

0 U~icertaintics in model assumptions and parameterizations 

0 Methodologies for judging to which extent model results represent reality 

As a consequence of the above, model validation (typically with the aid of available an- 
alytical solutions) should be considered as an indispensable part of the model develnpment 
process, whereas a model which has been validated already, should be subject to a more 



thorough evaluation procedure in order to ensure that potential users can assess the degree of
reliability and accuracy inherent in the given model. High quality field data which is needed
for evaluation purposes is, however, very rare (Moussiopoulos et. ai., 1996).
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Meteorology

Definition of

Model Inputs

Model
Runs

Modify Model

Input (Ca6bratlon)

Yes Model can be used

for control Strategy Analysis

Simulated
Concentrations

Figure 2.11: Optimal model application (Zannetti, 1990)

The way to evaluate air pollution models seems to be straightforward: model predictions
are compared against appropriate measurements and identified deviations are statistically
analyzed to allow for quantification of model uncertainties. In spite of the simplicity of this
method, there are considerable difficulties both in defining the evaluation procedure and in
interpreting its results. These are listed below:

. Different evaluation procedures should be applied to the various model categories. In
other words, the experimental data set needed to evaluate the models in addition to the
evaluation of software, should be tailored for the specific application.

. Deviations between model results and observations may be caused by a variety of reasons
such as: shortcomings in model assumptions and parameterisations, errors and inaccu-
racies in input data (particularly emission data and meteorological data), uncertainties
related to the stochastic nature of atmospheric processes, uncertainties in observations,
uncertainties in the representativeness of both observed and modelled data, etc.
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2.6.10 A t m o s p h e r i c  mode l l ing  - A South African p e r s p e c t i v e  

Modelling efforts in South Africa liavr mainly focnswi nn t , l~ :  short range t ra~~spor t  (dispersion 
less than 50 km) of air pollutants during t,lie last two decades. Gaussian plume models were 
utilized, and in limited cases Gaussian p~tR models were used for impact assessment studies. 
The models utilized in many cases were obtained from US and EU sources, and seldomly 
developed or modified for South African conditions 

Currently no long-range transport model is available for southern African conditions, to 
simulate the transboundary and long-range movement of emissions over the southern African 
region. 

It is forseen that the role of air quality models in decision-making processes and impact 
studies will increase az a result of the new National Environmental Management: Air Quality 
Act, 2001 (Act No. 39 of 2004) implemented in South Africa. Air quality models are the 
only tool to relate emissions to ambient air concentrations (impacts), which forms the basis 
for the new act. 

2.7 CONCLUSIONS 

A sound air quality management strategy is necessary to address all emissious and their 
relative impact on the environment. Air quality modelling is an integral part of snch a sound 
air quality management program, with t,he aim to determine the relative impact of emissions 
on the receiving environnimt. Rloreover, there is a trend towards the increased role of air 
pollution models in decision-making processes. 

Since ideal model application conditious are seldomly found, air quality models are often 
used beyond their theoretical and practical limits of applicability, increasing uncertainties. 
Correct input data into the models is imperative in order to minimize uncertainties and 
assumptions. 

Plenty of models (knowledge) are available in the global modelling domain, bnt many gaps 
are still eminent. 



Chapter 3 

LED MODEL DEVELOPMENT 

In this Chapter. . 

Section 3.1 to  gives o detailerl description of the ufmospheric d(ffvs2vn theories implemented 
i n  this study. Section 3.2 focuses on the theoretical development of the long-range air pollutant 
transport and chemistry model, highlighting the different aspects pertaining to  the theoretical 
model, while Section 3.3 discusses the development of the numerical LED model. Section 
3.4 concludes the chapter by summarizing and pointing out possible areas of application and 
improvement of the developed LED model. 

3.1 ATMOSPHERIC DIFFUSION THEORIES 

A major goal in studying the atmospheric aspects of air pollution is to describe mathemati- 
cally the spatial and temporal distribution of contaminants released into the atmosphere. It 
is common to refer to the bel~aviour of gases and particles in turbulent flow as turbulent "dif- 
fusion" or, in this case, as atmospheric "diffusion". although the processes responsible for the 
observed spreading or dispersion in turbulencc are not the same as those acting in ordinary 
rr~olecular diffusio~~. A more precise term would perhaps be atmospheric dispersion, but to 
w n f ( ~ r ~ n  to tllc com~n(~n tcrmi~ldugy tho t,crm iit~n~spIi~:ri(: diff i~si~u will ht: I I S ~  This secti~ui 
is devoted primarily to the description of the two basic ways for studying turbulent diffusion. 
The first is the Eulerian approach in which the behaviour of species is described relative to 
a fixed coordinate system. The Eulerian description is the common way of treating heat and 
mass transfer phenomena. The second approach is the Lagrangian in which concentration 
cl~anges an: dcscribrd rclntivc t,o t,hc moving fluid (Garatt. 1992). 

3.1.1 Eulerian approach 

Let us consider S species in a fluid. The concentration of each must,, a t  each ir~stant, satisfy 
a material balance taken over a volume element. Thus, any accumulation of material over 
time, when added to the net amount of material convected into the volunle element, must 
be balanced by an equivalent amount of material that is produced by chemical reaction in 
the element, which is emitted into it by the source, and that enters by molecular diffusion 
(Djolov, 1991). 

Expressed mathematically, the concentration of each species, ci ,  must satisfy the mass 
conservation law, commonly known as the continuity equation: 



where u j  is the jth component of the fluid velocity, Di is the molecular diffusivity of species 
i in the carrier fluid, Ri is the rate of gcneration of species i by chemical reaction (which 
dcpcnds in general on the fluid tcn~pcratire T) ,  S, is the rate of addition of species i at the - 
location x = (xl.x2,x3) and time t. 

In addition to the requirements that c,  satisfies equation (3.1), the fluid velocities u, and 
the temperature T, must satisfy the Navier-Stokes and energy equations, which themselves 
are coupled through the uj ,  ci and T with the total continuity equation and the ideal gas 
law. In general, it is necessary to carry out a simultaneous solution of the coupled equations 
of mass, momentum, and energy conservation to account properly for the changes in u,, 
T, and ci and the effects of the changes of each of these on each other. In dealing with 
atmospheric pollutions, however, since species occur at parts-per-million concentrations, it is 
quite justifiable to assume that the preseuce of pollutants does not affect the meteorology 
to any detectable extent, thus the equation of continuity can be solved independently of 
t,hv w l ~ p k ~ l  inom~~i~tuin  am1 mcrgy sqnatio~~s.  Co~~sequei~tly, tllc fluid v(h:it,ivs u, and the 
temperature T can be considered independent of the ci. From this point onwards we will not 
explicitly indicate the dependence of Ri on T (Djolov, 1991). 

The advantage of the Eulerian approach is that the turbuleut diffusion equation is intc- 
grated in a fixed geographical mesh in which the necessary meteorological fields: wind velocity. 
temperature, precipitations, as well as roughness and emissions are naturally determined by 
the meteorological network or appropriate meteorological model. Thus the concentration 
fields are also determined in the same system. In the framework of the Eulerian approach it 
is easy to determine the properties of the underlying surface: linear and non-linear chemical 
reactions and other processes. Still there are substantial problems connected with securing 
propcr initial conditions, thc approximation of thr advcctivr tcmls. t , l ~  appcmmcc of ficti- 
tious waves at the boundary of the integration region and lack of physical sound theories for 
modelling the horizontal turbulence for distances larger than hundreds of kilometers (Djolov, 
1991). 

3.1.2 Lagrangian approach 

The Lagrangian approach to turbulent diffusion is concerned with the behavior of represen- 
tative fluid particles during its motioi~. We therefore hcgin by considering a siugle particle 
which is located at 2 at time t' in a turbulent fluid. The subsequent motion of the particle 

can be described by it's trajectory, .? 12, t'. t 1 ,  that is, it's position at any later time, t .  Let 

$ (x i ,  2 2 ,  x3. t )  dxldx2dx3 = 7 / ;  (?. t )  d? = probability that the particle a t  time t ,  to be in 
volume element xl to X I  + dxl? x2 to dx2, and 23 to dx3, that is that X I  5 XI < xi + dxl, 
and so on. Thus, $ (2. t )  is the probability density function (pdf) for a particle's location at 
time t .  By the definition of a probability density function: 

According to Djolov (1991) the probability density of finding the particle at ? a t  t  can also 
be expressed as the product of two other probability densities: 



(1) The probability density that if the particle is at 2 at ti it will undergo a displacement 
to ? at t .  Denote this probability density Q(?> t g .  t )  and call it the transition probability 
density for the particle. 

(2) The probability density that the particle was at 2 at t', (2, t ' ) ,  integrated over all - 
possible starting points x'. Thus, 

The density function @(?, t )  has been defined with respect to  a single particle. If, however, 
an arbitrary number m of particles are initially present and the position of the i th particle is 
given by the density functiou ?/I,(?, 1 )  it can be shown that the ensemble mean concentration 
at the point ? is given by: 

By expressing the pdf $I(?.  t )  in equation (3.2) in terms of the initial particle distribution 
and the spatial temporal distribution of particle sources S(?, t )  , say in units of particles per 
volume per time, and then substituting the resulting expression into equation (3.3), we obtain 
the following general formula for the mean concentration: 

The first term on the right-hand side represents those particles present at t and the second 
term on the right-hand side accounts for particles added from sources between t' and t .  

Equation (3.4) is the fundamental Lagrangian relation for the mean concentration of species 
in turbulent fluid. The deterruiuation of (c(?.t)), given (c(x;> t ) )  and S(2 ,  t ) ,  rests with the 

+ 
evaluation of the transition probability Q(?, t l 2 .  t ' ) .  If Q were known for 2, d, t ,  and t', 
the mean concentration (c (?: t ) )  could be computed by simply evaluating equation (3 .4) .  
However, there are two substantial problems with using equation (3.4) .  First, it holds only 
when the particles are not undergoing chemical reactions. Second, such complete knowledge 
of the turbulence properties as would be needed to know Q is generally unavailable except 
in the simplest of circumstances. The nmjor advantage of the Lagrangian method is the easy 
integration along the particles trajectory thus avoiding the difficulties with the numerical 
modeling of the advective terms in the turbulent diffusion equation (Djolov, 1991). 

3.1.3 A combined Eulerian-Lagrangian description of the turbulent diffu- 
sion 

The analysis of t l ~ c  t,wo basic fluid dyr~aniics approaclm for thc dcscription of flow proper- 
ties clearly reveals their advantages and shortcomings. There is, however, hope that some 
appropriate unification of the Eulerian and Lagrangian approaches may enhauce our ability 
to tackle t,he problem of accurate solution of the long-range air pollutant equations. The 
basis of this idea stems from the experimental fact that the turbulence in vertical direction 



is small scale, and it would be appropriate to use the turbulent diffusion equation, while in 
horizontal direction the tuubnlenre is large scale, the turbulent eddies are not limited by the 
earth s~~r face  and the dilfilsion process requires a statistical description in this direction. The 
theoretical irlvcstigations cr~nfirinrd t l ~ a t  ill a dirmt,ion pcrpcndicular t,o tho wind volority 
the concentration distribution is Gaussian while in vertical direction there is no appropriate 
statistical description of the process (Djolov, 1991). 

The possibility arise therefore to describe the diffusion process independently in a vertical 
and horizontal direction, thus making it possible to combine and utilise the advantages of 
the Eulerian and Lagrangian approaches and to minimize their shortcomings. Therefore the 
followiiig formula is postulated by Djolov (1991): 

where Qu(0) is the quantity of the kth pollutant in the j th volunle (puff) of pollutants 
emitted by the i t h  source at the moment t,,= 0. M is the number of sources, Ni is the number 
of puffs, q, and yh are the vertical and horizontal polhitant distribution functions, q, is wet, 
deposition function and kJ is the life timr of rxistence of the individual puffs. 

This formula clearly indicates the appliration of the idea of separate description of the 
diffusion process in vertical and horizontal direction. Additior~al support to the general va- 
lidity of Equation (3.5) is the linearity of the continuity equation, a fact which allows the 
independent study of the phenon~enon along the different coordinatrs. This lirlear property 
of Equation (3.1) is also the basis upon which the splitting nunlerical method has heen de- 
veloped. It also allows the application of the superposition principle, i.e.. the concentration 
at a given point (x, y. z j  to be the sum of the concentration caused by all puffs. 

3.2 DEVELOPMENT OF A LONG-RANGE AIR POLLU- 
TANT TRANSPORT AND DIFFUSION MODEL WITH 
ATMOSPHERIC CHEMISTRY 

The basic structural element in developing the model will he a ''pnff which allows proper 
time and space simulation of any type of source. For example, continuous surface and linear 
sources can be conveniently approximated by instantaneous sources, which are shaped as 
rotational ellipsoids with a vertical axis and a Gaussian concentration distribution (Syrakov 
ef .  al., 1983). 

Using the combined Lagrangian-Eulerian approach, it is assumed that the polluted air 
mass is transported by air currents, which are considered to he external to the model. For 
simplicity, it is assunled that during its motion the polluted volume does not undergo any 
dynamical deformation. hut only diffuses under the action of the turbulence. 

The cont,inuous pollution tield is formed by periodically created puffs in the different cvlls: 
these pnffs are transported hy the flow and diffused by the turboler~ce. The location of the 
puff is deteri~~i~lecl by the positior~ of its cc11tt.r. a i d  the d i sp lace~~~e i~ t  velocity is equal to the 
wind speed at that point. In this case. the coordinates of the puff center change according to: 



where At is a properly chosen time interval. The wind components u(x,y,z), u(x,y,z). 
u~(x,y,zj are obtained from the standard meteorological observations or numerical weatller 
forecasting models (S~rakov et. al., 1983). They are assumed to be constant during time 
interval T ,  between two consecutive observations, usually 12 to 21 hours apart. 

New pilffs are emitted at ti~nes equal to T,, a sinlplification wl~ich is not a principal caw! 
of uncertainty in the model. In order to achieve satisfactorily smooth trajectories, the time 
interval At is taken sniall in comparison with T,. 

Equation (3.6) clearly demonstrates the elegancy of using the Lagrangian approach in 
describing the advectio~i process. 

3.2.1 Horizontal diffusion 

Fur tlie deterniinatio~i of tllc allalytical rsyrcssiuu fur the horizoutal diffusiou we clloosc a 
local Cartesian coordinate system whose origin coincides with the puff center. In the model. 
it is assumed that the horizontal diffusion process is defined by the equation: 

where q(C1. <2. (3) is the pollutant concentration at a point ((1. 6. (3) and K I ,  K2, K3 are 
the turbulent diffusion coefficients (Djolov. 1991) 

The tl~rbulent diffusion prorrss in the horizontal direhon. in accordance to the exprri- 
mental evidence, is considered isotropic. If during a time interval At, K1 = K2 = I< and 
K3 do not significantly change in time and space. Equation (3.7) describes a Fickian type 
diffusion. which is nonisotropic in vertical direction. The initial condition is: 

where r 2  = (? + c:: TO and ~ 3 0  are the radius and semi-thickness of thp volume source; and 
A is a constant which should be determined from the mass conservation condition (Djolov, 
1991). 

The solution of Equation (3.7) subject to the initial condition Equation (3.8) and zero 
boundary condition at infinity can b? found in the paper by Djolov and Syrakov (1971). In 
this papcr it is slmwn that thc solution br. rathcr siniplified if thc puff is co~~sidered 
infiuitr. The puff boundary condition is then taken as the surface where the concentration is 
p%. (usually p = 0.01) of the puff center concentration. This rather accnrate approxinmtion 
is admissible hecause of the fait exponential decrease of tlie cvncentration with the distance 
from the center. This allows the constant A in the Equation (3.8) to be determined as: 

where Qo is the total pollutant mass of the source and a, a3 are dispersions givm by: 



The solution of Equation (3 .7 )  has the form: 

Qo exp (-6 - &) 
q ( r .  C3. t )  = - 

71 3/2 (a2 + 4 K t )  JaZ + 4K3t  

Eqnation ( 3 1 1 )  g i ~ e s  the opportunity to consider a puff at any moment t  as an infinite 
volume source with time dependent dispersions. Transforming the results to a fixrd coordinate 
system and ass~in~ing that tho pollutants arc rcflcctcd by thc cartli's surface, thr r.oiiwntratinri 
a t  a given point x,y.s, and time t  is given by: 

~ - z . ( t ) ) ~ + ( y - a ( t l )  
Qo exp ( - (  a 2 ( t )  

'I (.L. y ,  z ,  t )  = - 
7r 312 n,2 ( b )  a ,  ( t )  

(3.12) 
where 

a 2 ( t )  = a2(t  - A t )  + 4 K A t  (3.13) 

2 n , ( t )  = a?(t - At) +4h-,At 

I11 Equations (3 .7)  and (3 .8 ) ,  I<; =K3, and a ,  = a3. The concentratiou at the earth 
surface (z=0) is: 

3.2.2 Vertical diffusion 

The function q, which describes the vertical pollutants' distribution is determined again in 
the framework of Eulerian approach in the moving coordinate system with origin at the 
respective puff center. The diffusion process, which is caused by rnicroscale turbulence in 
vertical direction, is described by the semi-empirical turbulent diffusion equation: 

which is solved subject to the following initial and boundary conditions: 



where /3 (deposition velocity) is a constant of interaction hetwwn the pollutants and the 
underlying surface and zi is the nlixing height (Djolov et. d., 19871, and 6 is the delta 
function. 

Equations (3.15). (3.1G) and (3.17) describc thc diffcrent caws of possible vert,ical diffusion 
in PBL. They are schematically shown in Figure 1. 

INMRSION LAYER 

I I I 
Zone 1 I Zone 2 1 Zone 3 1 Zone 4 

Figure  3.1: Zones w i t h  different vertical diffusion condit ions possible i n  t h e  PBL 
(Djolov et. al., 1987) 

In tho mst.s ahcn thc puffs have 11ot rtwcl~ed the gro~nid t,hc ohions  solnt io~~ q ,  = 0. Most 
frequently, the diffusion process is realized in the conditions shown in Zone 3. i.e., between 
partially absorbing and reflecting inversion layer at height zi. The Zone 4 shown in Figure 
3.1 corresponds to the expected asymptotic case where at sufficiently large distances the 
concentration is constant at the different heights due to the continuous action of the vertical 
t,~irbnlcnt cxchangc. In Zonc 2 the diffusing pollntsrnts intcract only with tho nndwlyir~g 
surface and do not reach the upper reflecting surface (2, = a). 

The solutions to Equation (3.15), after appropriate integration to determine the volinne 
source solutions from the point sources. for the different zones exhibited in Figure 3.1 at 
height z = 0 (ground level) are according to Djolov et. al. (1987), as follows: 

Zone 1: 

qz  = 0 (3.18) 

Zone 2: 
b 

q, = 2 exp (-3:) (1 - A-eq2erfr  (3.19) 
uz 

Zone 3. 
1 2 cos a,  cos tr,, (1 - ;,/z,) b2 

qr (1 + sin 20,) /2n, 
(3.20) 

n 

where a, are determined from the equation: 

Zone 4: 



In the above formulae the following variables correspondii~g to the chosen simulation are 
used: 

u;(t  + At) = u:(t) + 4KrAt , uz(0) = 0 

b( t  + At) = b ( t )  + 2,BAt  (3.23:) 

a2 

Equations (3.23) allow to take into account the horizontal inhomogeneity of the wrtiral 
ti~rbulcnt cxcliangc coefficient. The function q, depends on K, and time through a,, and the 
change in the positiou of the volunle in regions with different K, is reflectrd by t,lle rate of 
change of a,. 

3.2.3 Deposition mechanisms and pH determination 

A simplistic technique in dealing with the deposition processes in the model is to assume a 
constant rate of change, A. 

The wet-deposition function (q,) describes the wash-out of pollutants froin t,he atmosphere 
due to  precipitation. The function (q,) is calculated from: 

- a g . " A , t  . q,(0)=1 
at 

(3.24) 

where A, is the wash-out coefficient. Determination of A, will be addressed later in this 
section. 

A solution for Equation (3.24) is: 

where 6, = 1 during the rain and 6, = 0 without rain. 
Th? dry-deposition is calculated using the boundary condition for the pollutant i (Equation 

3.17). The dry deposition parameter 13 varies !between infinity (totally absorbing surface) and 
zcro jtutnlly rtrtlwtiug >i~rf;tr.t:). 'l'lte typical iiitcrvitl for thc variation uf 0 over land surfaces is 
between 1 c111.s' to 15 crn.5-'. Specific iuterval values used in the LED model are sunmarized 
in Table 3.2 for L?, and in Table 3.3 for A, in the uest section. 

The dry- and wet quantit,ies deposited on the ground are summed. For each time step, the 
total concent rat ion of the pollutant in each puff is reduced by the magnitude of the deposited 
mass. 

The development of a model for the calculation of the pH value of precipitation relies on 
the theoretical ui~derstai~ding of the mechanislns of iuteraction of pollutants with clouds/rain 
physics as well as experimental data for the acidity of precipitations. 

At the beginning of 1980 special networks for rneasuriug of pH value of precipitations were 
created, and these networks are already an integral part of GENS (Global Environmental 
Monitoring Network). 

The extmsive data fro111 the pH networks allowed for the estahlishiuent of a statistical 
correlatiou hetwwn the anthropog~nic ions of sulfates and uitrates in precipitations and the 
pH values. The greater part of t,he variations in the pH values are satisfactorily explained by 



the changes in the concentrations of S O :  and NO;. In most cases even the variations of the 
sulfate anions is sufficient to  derive rvliable sem-empirical relations for the pH calculations. 

In the paper by McNaughton (1981) tlie results of tlie study on the acidity of precipitations 
in Northern America are presented. Logarithmic type of regression equations for pH using 
as predictors the anion of both sulfate and nitrate concentrations in precipitations, or only 
sulfate concentrations are presented and validated in his work. The use of logarithmic type 
of equations secures smoothening of the extreme high arid low values of pH. 

The LED model predicts the concentrations of the SO:- and NO, in ambient air. There- 
fore, there is a need to use all available theoretical and experimental knowledge on the pro- 
cesses of scavenging and wash-out of atmospiieric pollutants by atmospheric precipitation. 
Amongst the several wash-out coefficients the following expression has been adopted: 

where A,, denotes wash-out coefficient. [elp is the concelltration of pollutant in the precip- 
itation, [el,, is the concentration of pollutant in the air. The advantage of this expression lies 
in its simplicity, clear physical meaning and easy experimental determination. 

The wash-out process in the atmosphere can be considered as a twostage process. The 
first in-cloud process describes the rolc of the pollutauts in tile creation of hydronleteors 
(condensation particles). The second deals with the processes during the path of the falling 
rain drops. 

The main mechanisrr~s in tile rreation of hydrometeors are: 1. molecular diffusion. 2. 
Bruwuian diffusion, 3. collisioll cud scavcuging, 4. dilulion of gases aud 5 .  creatio~l of drops 
on a particle nuclear. hIecllanisrn 1 is effective for particles with diameter d < 0.1pni. The 
Brownian diffusion is also effective for these diameters but is a considerably slower process. 
The collision and scavenging process realizes in the under-cloud areas. It depends on th? 
droplet falling velocity and is efft,ctivt. for particles with diameters d > p.  The main air 
pollut,ants SO*, N 0 2 ,  gas phase nitric acid and ammonia dilute well in water, whilst NO has 
a very limited solubility. Thc dilution velocity depends on the surface area of the rain droplets, 
temperature, physical-chemical properties of the particle, and pH value of the droplets. The 
most important mechanism for the in-cloud stage of pollutant renioval is nuclear condensation. 
The short revue of the main in-cloud mechanisms for pollutant removal dernarids knowledge 
or1 the uiici-o~hysics of thcx ck~nds. t,hc rain systvlns (:onfignral,i(i a1111 H I M  of p~~llutiults. 

In the paper by Scott (1978) three typical types of cloud systems are considered the- 
oretically, which are applicable for Bergeron (winter) clouds, warn1 clouds and convective 
clouds. Using the equations for precipitation formation during their free fall, Scott (1978) 
has obtained the following relationship: 

where R is the precipitation intensity measured in W J I  1 1 ' .  AIg(0)  is the mass of the pollutants 
associated with the hydmmeteors and has the form: 

Mg = {0) winter clouds 

Mg = 0.1 w a r m  clouds 

n1, = o.i5[(4.41n.l~-2 - R O ~ "  ) (435~-""  + 1200)/(8450 + 2383111 R)] ~-onoect i~ie  clouds 



It should be noted that the wash-out coefficie~~t is a function of only one easily measurable 
precipitation characteristics, namely, the intensity of rain. 

Using the log type of regression equations for the pH calculation7 the definition of wash-out 
r:oefficiont and the forn~ula for its calculatinn proposed by Srott (1978). onr can dcrivc the 
following expression for the pH used in the LED model: 

The regression coeficients a and b for the different types of clouds are take11 from the study 
by i\IciYaughton (1981). The coeficients hefor? the anions in the eqltation takr into account 
the different \.alences of the anions; and lVh results from the conversion of moll1 to mg/m3. 
The background value of pH is taken to be the contemporary accepted value of 5.6. 

The success of the application of Equation (3.26) depends on the appropriate determination 
of the wash-out coefficient which varies sea<onally. This requires a proper parameterization of 
the time and space climatic pecnliarities of the precipitations taking place in different seasons 
for the specific region of study. 

3.2.4 Atmospheric chemistry 

The major anthropogenic pollutants present in the atmosphere are sulphur, nitrogen and 
hydrocarbon compounds as discussed in Chapter 2. In this model only sulphur and nitrogen 
oxide chemical transformat,ions are modelled, because their abundance and relatively long 
residmce times in the atmosphere are the major reason for the formation of acidic depositiun 

The most important mechanism for the formation of acid deposition is the direct transfor- 
mation of sulphur dioxide to snlphate: 

where kl (t,d is the constant of transfornlation which is a function of the time and space. 
The k l  value can be obtained assuming that it can be written as a sum of homogeneous and 
heterogeneous components. The rate of ho~nogeneous transformation is taken from Endlich 
et. al. (1984), where it is calculated as a function of the solar insulation wing data for a clear 
atmosphere. The heterogeneous component is chosen on the basis of the review presented by 
Moller (1980). It should be noted that in Equation (3.27) only the halance of S is preserved. 

The chemical transformations which NO and NO2 undergo are rather complicated. Smog 
chamber measurements of the typical reactions of NO compounds show that 90% of them 
result in the formation of NO; NOz, PAN (Peroxyacetyl nitrate) and NO3. This allows the 
chemical trarisformations of these five components to be i~~cluded in the model. The equations 
describing the rate of transformation of the nitrogen compounds due to chemical and plysical 
processes are (Brodzinsky et. nl., 1984): 



Where k2, k3,  k4 and k5 are the rates of chemical transformation as  summarized in Table 
3.1. The equilibrium of NO and NOz raflects tlir photulysis ( ~ f  NOz to NO and the photo arid 
thermal pathways of NO to NO2 conversion. The rate equations shown in equations (3.27) 
to (3.32) are linear. The tranformation constants can be a function of time and space. The 
chemical reactions in the model are calculated for every puff a t  every time step after the 
completion of the transport and diffusion processes. 

3.2.5 The planetary boundary layer 

The investigation of dynamic processes in the planetary boundary layer (PBL) presents a 
definite theoret,ical challenge and plays a growing role in the solution of a nuniber of pract,ical 
tasks. The improvement of largescale air quality models depends, to a certain degree, on the 
proper inclusion of the PBL in the numerical models. Rirther progress in a number of micro- 
and mesoscale problems such as: air pollution, development and dispersal of fog, formation 
of late spring and early fall frosts, wind load on high buildings, convective cloud dynamics, 
local winds and others, is closely connected with the use of a proper PBL model. 

The investigation of PBL dynamics has developed on the basis of sophisticated models 
which use equations for higher-order moments and appropriate hypothesis for the system 
equation closure (Deardorff. 1974). This approach allows one to clarify the nature of physical 
processes taking place in the PBL and secures a basis for further investigations. The use 
of such models for the solution of practical problems is not feasible because of computer 
and other difficulties. In a number of cases simpler PBL models can give sufficiently accurate 
results (Yordanov (1975); du Vachat and Musson-Genon (1982); Arya and Sundarajan (1976); 
Shir and Bomstein (1977)). 

A dcscriptiou of thc transy~ort aud diffusiun uf tlic pollutcd air volmncs rtquircs thc w i d  
fields and horizontal and vertical diffusion coefficients. They car1 be obtained from a proper 
planetary boundary laycr (PBL) model. In this model a simple and reliable PBL model 
described by Yordanov et. al. (1983) and Syrakov et. al. (1983) was used. 

A useful1 feature to LED, amongst the long-range models known to  the author, is the 
use of an appropriate atmospheric boundary layer (ABL) model calculating its dynamics and 
turbulent characteristics. Usually, long-range models are driven by the output of the best 
available meso-scale forecast models, or in the diagnostic case by observed nleteorological 
fields. In both cases, however, the ABL dynamics are not properly represented due to  the 
restrictions in the model vertical resolutiun or insufficient number and distribution of ohser- 
vations. This is a serious simplification sincc the changes in wind vclocity am1 at11l~~sphl:ri~: 
stability occurring in tlie ABL draniatically influcnce the transport and diffusion processes. 



Thus, for example, the value of the vertical exchange coefficient changes by orders of mag- 
nitudes depending on the stability conditions in the ABL. The magnitude and direction of 
the wind velocity vary co~isiderably with height and the angle between the geostrophic and 
surface wind can surpass 50-60 degrees. The wind variations in the ABL are even more corn- 
plicated when baroclinicity effects are present. Turbulent friction convergence creates vertical 
motions that in spite of their small value, lead to  substantial displacement of the polluted 
air volumes because of their perseverance. Another important consideration is that most of 
the emissions of pollutants and trace gases are released from sources located near the earth 
surface up to a few hundred meters. The existence of frequent inversion layers at the top of 
the ABL forces the diffusion and transport of pollutants to take place in the lower parts of 
the atmosphere for prolonged periods of time. These facts underline the importance of inclu- 
sion of an appropriate ABL model in any turbulent dispersion package aimed at modelling 
long-range diffusion and transport phenomena. 

In the Lagrangian-Eulerian Diffusion (LED) model the twolayer parametric ABL model 
proposed by Yordanov et. al. (1983), is included. The ABL model is driven by the following 
meteorological variables: 1) the geostrophic wind vector vg; 2) the potential temperature 
#Hat the top of the ABL; 3) surface temperature d, which can be calculated from the energy 
balance equation or taken from observation or numerical weather forecast model. Note that 
these are the boundary conditions for the turbulent ABL equations for momentum and heat 
exchange at arbitrary stratific a t '  ]on. 

R o m  these external ABL meteorological variables, and the local parameters: the Coriolis 
parameter - f ,  the roughness parameterzo and the buoyancy parameterg = g/8,  the following 
non-dimensional external parameters can be composed: 

the Rossby number, and 
$ ( d ~  - 8,) 

S =  (3.34) 
f k91 

the external stratification parameter. 
These parameters uniquely determine the turbulent regime in a horizontally homogeneous 

ABL. The details of the ABL model are presented in Yordanov et. al., (1983). 

3.3 Development of the numerical model 

The developn~ent of a nunlerical model for long-range transport and diffusion of air pollutants 
requires the satisfaction of two. to a certain degree conflicting conditions: an accurate and 
realistic description of the phenomenon, and minimal computational run-time. 

The numerical simulation of the long-range pollutants with atmospheric chemistry requires 
a proper combination of the models outlined in Section 3.1 and 3.2. The incorporation of 
the PBL model in the long-range pollutant transport model is presented by Syrakov et. al., 
(1983). 

The input information co~isists of the time intervals At, At,. At,: the time step, the period 
during which the meteorological conditions are assumed steady, the integration period, the 
l~or izo~~ta l  tnrbulmt cxhange coefficie~it K. thr: dccrt:ast: of the corlccl~tration p% at t,hc pitB 
boundary, the minimum observable concentration q,,,; and the source parameters: Qo, the 



total pollutant enlitter1 ill a giw11 grid cell A:rAy for time At:  x,, y,,z,, the initial coordinates 
of the puff center; and (:, the vertical semi-thickness of the ellipsoid. 

The initial dispersions of the volume source are calculated in accordance with Equation 
(3.101, where r0 = ( A . ~ A ~ / T ) ' / ~ .  Thc cn~~sec~lt ivc locxt,ion of ovory pnff is dctrrmincd by 
Equation (3.6) and tllr surface concentration field by Equation (3.14). The corlcerltrations 
are calculated and summed for the points which satisfy the following contlit,ions: 

(a) They are located within the puff, i.e., their distances to the point (r,,y,) is less or 
equal to: 

(b) The concentration is greater or equal to q,,,. These are the points for which the 
distance to (x,,y,) is less or equal to: 

2 2 
T ,  = a ( t )  ln ' ~ m i n " ~ ~ ~  aYtjaz(t j  

2Qo exp(-z,2(t)Ia%t)) 

The combination of equations (3.11) and (3.12) gives the criterion: 

The chemical transfornwtions described by equations (3.27) to  (3.32) are calculated for 
each volume for each time step. following the calculation of transport and diffusion processes 
of the  pnff The equations are integrated using an implicit scheme. Tht. rates of chemical 
t,ransformations are shown in Table 1. 

Table 3.1: The rates of chemical transformation 

The constraints of dry- and wet deposition for winter time are taken from Endlich e t .  
al., (1984) and Brodzinsky et. al., (1984) and summarized in Tables 2 and 3 a~ previously 
mentioned. 

Day 
Night 

Table 3.2: Deposition velocities for selected species (8) / m.s-' 

Night r, 

kl  (s-') 
10@ 

- 
Sea - 
Land 
Sea - 
Land - 

k2 ( 3 - I )  

2.8 x 
5.6 x 

k 3 ( s 1 )  
2.8 x 10-" 
0 

k4 ( 5 ' )  

5.6 s 1Wb 

ksfs- ') 
2 
50 



Table 3.3: Seasonal wash-out coefficients utilized i n  LED (A,,) / h- '  

3.4 SUMMARY 

Season 
S u m m e r  
Autumn/Spr ing  
W i n t e r  

The LED model development discussed in this Chapter meets the demands for studying thc 
long-range transport a i d  turbulent diffusion of atmosplieric pollutants and trace gases. It, 
has a strong atmospheric pl~ysics basis by recognizing the theoretical understanding and ex- 
perimental facts of trn-bnlent diffusion, being of micro-scale nature in the vertical direction 
and large-scale in the horizontal direction. This makes it possible to postulate an appro- 
priate formula and derive analytical solutions that alluw the calculation of concentrations in 
a Lagrangian framework using the emitte(1 puffs as a basic element. The LED model has 
addit,ional ad\.antages in its flexibility to incorporate new developn~ents in long-range trans- 
port and diffusion physics. It has two essential sub-models: planetary boundary layer and 
chemical species transformation. The PBL model can easily be upgraded to incorporate the 
new emerging knowledge in non-local turbulent transport phenomenon which is very relevant 
to the atmospheric conditions of tropical regions. The chemical transformation sub-model 
can incorporate non-linear chemistry as well as new chemical species relevant to the region. 
In addition the model for pH calculation provides the advantage to evaluate the impact of 
acid rains on the fragile ecosysteuls in the region. Lastly, the Fortran code in which LED has 
been written makes it user-friendly: allowir~g its adaptation to differ~nt denlands relevant to 
the southern Africa region. 

After development and modificatio~l of t,he LED, it can be used to assist in identifying 
potentially high impact areas. Concentration arid deposition fields for specific regions, allow 
the study of ant,hropogenic impacts caused by the transport of major air pollutants such as 
sulphates and nitrogen oxides. The ability to define the relative in~portance of each source in 
the total pollutior~ and deposition fivlds can be used to determine thc most effective strabvgy 
for decreasing the emissiuns of a gi\~en region. 

Pol lu tant  

so2 

0.32504 
0.26Er04 

SO:- 
0.753-04 
0.743-04 

P A N  
0.16E04 
0.13EO-I 
0.943-05 

H N 0 3  
0.373-04 
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Chapter 4 

LED INPUT PARAMETERS 

In this Chapter.. . 

The objective uf this chapter is  briefly stoted {Sectrun 4.1). Sectror: 4.2 yiucs a detuiled 
description of the modelling domain implamented for this study. Sections 4.3 to  4.6 focuses 
o n  the differeerant znprrt parometer.s utilzzed b y  LED for. the specific n~odelling domazn. Sectton 
4.7 concludes the chapter by  summarizing and pointing out the optimal range of the input 
parameters utilized i n  the LED model. 

4.1 OBJECTIVES 

This section will focus and discuss the input parameters (data) utilized in the LED model, 
during the various modelling scenarios. 

4.2 MODELLING DOMAIN 

The modelling domain implemented for this study extends from 10 " E to 40 E and 10 " S t o  
35 ' S its illustrated in Figurc 4.1. This region covcrs t,he soutll~rn part of Africa, including 
Angola, Namibia, Botswana, Zambia. Zimhabwc, Mozambique. Malawi and South Africa. 

A Cartesian grid was superimposed on the modelling domain illustrated in Figure 4.1. The 
60 x 50 grid (3000 cells) were positioned to conform to a 0.5 ~ resolution 011 the modelling 
domain. An illustration of the superimposed Cartesian grid is illustrated in Figure 4.2. 

The Cartesian grid illustrated in Figure 4.2 was ut,ilized as a reference framework for all 
simulations in LED. 



Longitude (DE) 

Figure 4.1: Modelling domain implemented for LED 

Grid Cells (X) 

Figure 4.2: Cartesian grid domain implemented for LED 



4.3 SURFACE ROUGHNESS 

Most surfaces are aeroclynamically rough. The surface roughness length (20) defines the height 
at wl~icli the wind profile in the absence of huoymcy: extrapolates to a zero wind speed. and 
is therefore a function of the height of surface roughness elements of the surface. This layer 
is called the surface roughness layer and defined as the region above the ground in which 
turbulence is intermitted or not fully developed, as previously mentioned in Chapter 2. zo 
can also be inberpreted as the eddie size (turbulence) at the surface. 

The surface rongl~ness can be defined as the geon~etrir cl~aracteristic of a surface, associated 
with its efficiency as a momentum sink for the turbulent How, due to the generation of drag 
forces and increased vertical wind shear. In micrometeorology, the surface roughness is usually 
measi~red by the roughness length, a length scale that arises as an integration constant in the 
dcrivatiou of the logarithmic wind profik rclation. In lieutral stability thc logarithniic: wind 
profile extrapolates to zero wind velocitv at a lieigl~t equal to the surface rougl~ness length. 
Several formulas exist to parameterize this length scale as a function of the roughness element 
geometry. 

The surface roughness parameters utilized in the LED model conforms to a 0.5 degree 
spatial resolution Cartesian grid, inferred from the Olson (1992) ecosystem database. The 
Olson (1992) database describes the global distribution of 72 ecosystem types, then together 
with satellite remote sensing data of Sormalised Difference Vegetation Index (NDVI) infers 
biomass properties like LA1 (Leaf Area Index) and dry matter. Combined with assigned 
values of canopy height to the ecosystem classes 20 (n~eters) (roughness for momentum) are 
inferred using relationships proposed by Raupach (199%). The roughness parameters (20) 

utilized for the specific modeling domain in LED were generated and obtained froni the 
Max-Planck Institute, Mainz, Germany. A detailed methodology on the generation of the 
roughness parameters (zo) can be found in Ganzeveld et. al., 2002. 

There is a seasonal cyrle in the 20 values t,hrough its dependence on the nlontllly mean LA1 
values. This seasonal cycle is clearly distinguishable in Figures -1.3 and 4.4, which illustrate 
the roughness parameters ( z o )  utilized in LED for January and July 2000. 

4.4 METEOROLOGY 

The meteorological data utilized for input in the LED model is taken from the short-range 
forecasting ETA model routinely run by the South African Weather Service (SAWS). 

The ETA model is a we11 established and frequently used prognostic nleteorological model, 
which is very similar to the older synoptic-scale Nested Grid Model (NGM), forecasting the 
same atmospheric variables. The ETA niodel takes its name from the vertical coordinate rl 
(Grrek letter eta), defined by Mesinger, 198.1. This coordinate is also known as the step- 
mountain coordinate because the surfaces are represented in the form of steps whose tops 
coincide with model layer interfaces. The ETA vertical coordinabe system was used in order 
to remove the large errors that are known to occur when computing the horizontal pressure 
gradient force. as well as the advection and horizontal diffusion, along a steeply sloped coor- 
dinate surface. The ETA coordinate system makes the surfaces quasi-horizontal everywhere 
as opposed to sigma surfaces which can be steeply sloped. Because the ETA coordinate is 
pressure based and normalized (i.e. quasi-horizontal), it leads to a much simpler solution of 
the equations of motion. As a result of using this coordinate system, combined with a higher 



Figure 4.3: Surface Roughness lengths Zo (meters) for January 2000 for the study
domain (Ganzeveld et. al., 2002)

Figure 4.4: Surface Roughness lengths Zo (meters) for July 2000 for the study
domain (Ganzeveld et. al., 2002)
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resolution, the ETA model resolves the influence of terrain on the atmospheric dynamics in a
better manner.

In the ETA coordinate, the surface terrain heights exist at a discrete set of values or
steps. These steps or values are dependent upon the vertical resolution of the model and the
height of the mountains. Because of this, terrain appears step-wise rather than smooth and
continuous as in the sigma coordinate. Figure 4.5 illustrates the depiction of terrain in the
ETA coordinate. For a given range of surface elevations, the eta coordinate allows the terrain
to exist on more than one eta surface while in the sigma coordinate, the terrain can only exist
on one sigma surface.

Since eta is normalized by a constant value of sea level pressure (1013 hPa) rather than
the station pressure, which varies considerably over mountainous terrain, each eta surface is
flat when lying over mountains. This allows for more accurate calculation of the horizontal
pressure gradient terms because the errors due to elevation changes between adjacent grid
points is minimized.

Figure 4.5: ETA Coordinate Depiction of Terrain

In general, model terrain is much smoother than in reality, even in the eta coordinate.
Terrain smoothing can be a large source of error in regions affected by small-scale terrain
features. However, terrain smoothing is done partly because airflow over complex terrain
will otherwise generate small-scale noise in the model that can mask the large-scale signal.
For example, vertical motion changes induced by complex terrain can mask the large-scale
vertical motion fielu.

The ETA model uses step-mountain topography in which, after interpolation to the ETA
native grid, the step-mountain is raised or lowered to the closest vertical interface. The
mountain is represented as discrete steps whose tops coincide exactly with the model layer
interfaces. Figure 4.6 illustrates how terrain is handled in the eta coordinate. Points (1) and
(2) are raised and lowered respectively to the 0.9 eta surface and point (3) is raised to the 0.8
eta surface.
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Figure 4.6: ETA Step-Mountain Topography

The US National Center for Environmental Prediction (NCEP) ETA data assimilation

and prediction system (Mesinger et. al., 1988; Black, 1994) has been used by the South
African Weather Service to provide operational regional forecast guidance since November
1993. SAWS used this model to produce the basic meteorological data for the Southern
African Regional Science Initiative (SAFARI) 2000 project. The SAWS ETA model is a
hydrostatic model with a horisontal grid spacing of approximately 48 km and 38 vertical
levels, with layer depths that range from 20 m in the planetary boundary layer to 2 km at 50
mb. There have been several major ETA Model upgrades at SAWS: in March 1996, August
1998, November 1999, and August 2001. The integrated SAWS domain for the ETA model
is southern Africa and surrounding waters, a transformed grid roughly contained in 52 0 S
to ION, 28 0W to 68 0E. The vertical coordinates utilized in the model is based on the eta
coordinate system, with step-like terrain representation.

The ETA model outputs provided by the SAWS are ASCII map images (0.5 degree) for
each of 51 parameters at 12 hour intervals. These ASCII map images are based on a 79
by 133 grid, 53 0 S to 90S, 130 W to 530 E, half-degree resolution. Parameters available
include geopotential height, temperature, potential temperature, dewpoint temperature, spe-
cific humidity, relative humidity, u and v wind components, cloud cover and pressure vertical
velocity.

Complete data sets for 2000 at 12 hour intervals were obtained from the SAWS, and
specific data components utilized by LED were extracted from the main SAWS ETA data
sets for the modeling domain discussed in section 4.2. Meteorological parameters utilized
by LED include u, v wind components and atmospheric temperature at 700 hPa, as well as
atmospheric temperature and precipitable water at the surface. These extracted parameters
were combined in appropriate input files for utilization in the LED model for specific modelling
scenarios.

Figures 4.7 to 4.10 are graphical illustrations of the resulting u and v wind components
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(vectors) a t  700 hPa level (about 3000 meters above ground level at the ocean, and 1500 
Inet,ers above ground level over the Highveld of South Africa) for the 14th of August at 0:00 
to the 15~'' of August a t  12:00 at 12-hour intervals superimposed on the LEI) modelling do- 
main. This series of illustrations clearly illustrate a relatively closed anticyclonic at,n~ospheric 
recirculation pattern southprii Africa experienced during the winter season of 2000. These 
typical circulation patterns were previously discussed in Chapter 2, Section 2.5. 

Figure 4.7: 

0 5 10 15 W 25 JO 35 9 45 S(i 55 tXI 

Geostrophic wind vectors at 700 hPa for 14 August 



Figure 4.8: Geostrophic wind vectors at 700 hPa for 14 August 2000 at 12:OO 

Figure 4.9: 



Figure 4.10: Geostrophic wind vectors at 700 hPa for 15 August  2000 at 12:OO 

4.5 EMISSION DATABASE 

The emission datahase adapted for utilization in the LED model is a customized vasion of 
the emissions inventory developed by Fleming and Van der hlerwe, 2000. in the framework 
of the SAFARI 2000 science initiative. 

The main aim of the eniission project by Fleming and Van der hlerwe (2000) was to upgrade 
and spatially disaggregase 1990 national emissions inventory data to a 20km grid for Africa 
south of the equator and temporally interpolate them on a monthly basis for the period 1999 
to 2001 for the Southern African Regional Science Initiative (SAFARI) 2000 project. The 
SAFARI 2000 project was an international science initiative aimed at understanding linkages 
among physical, chemical, biological and anthropogenic processes in southern African systems. 
A detailed description of the methodology applied for SAFARI 2000 emissiom project is 
available from Fleming aud Van der AIerwe (2000). 

Results froin the final emission model by Fleming and Van der hlvrwti (2000) is structured 
so that the euiissions d a t a h e  can be edited. the driver surfaces be replaced or edited, or 
annual rates of change are edited, to recreate an output dat,abase. Kliile the input of a model 
run consists of emission values from the datat~ase, spatial driver grids and temporal driver 
values, the output consists of one workspace per emission species that contains grids for every 
sector, for each year (l99OI 1999, 2000, and 2001). The methodology followed and sectors 
included in the inventory were done according to the guidelines provided by the Iriternational 
Panel on Climate Chanyr (IPCC). All countries that signed and ratified the United Natious 
Framework Convention on Climate Change (UNFCCC) are required to follow tilest. guidelines 
in order to compare emissions on an equal bayis: 

Energy: Fuel Combustion: Energy Industries 

Energy: Fuel Couibustion: Manufacturing Industries 



Energy: Fuel Cornlmstion: Transport 

Energy: Fuel Combustion: Other Sectors (where furl conlbustion sources were nut 
included under the ahovementioned headings) 

. Energy: Fuel Combustion: Other (mining) 

Energy: Fugitive En~issions from Fnels: Solid Fuels (such as charcoal production and 
coal mining) . Energy: Fugitive Emissions from Fuels: Oil and Natural Gas (mainly petroleum refin- 

ing) 

Industrial Processes: Mineral Products (lion-energy-related emissions) 

Industrial Processes: Chemical lndustry (non-energy-related en~issions) 

Indubtrial Processes: Metal Production (non-energy-related em~saions) 

Industrial Processes: Other Production (non-energy-related emissions) 

Solvent and Other Product Use (mainly volatile emissions) 

Figure 4.11 shows the total SOz emissions summed for all sectors for 2000. The spatial 
data domain used in the model by Fleming and Van der Merwe (2000) were in 20kln' grids, 
registered to the same point and in an Albers projection (central meridian 25 ~, 1st ~~aral le l  
-30 ' ; 2nd parallel -6 : Cape datum) 

As mentioned previously the emissio~l databaae from Fleming and Van der Merwe (2000) 
was customized to fit LED. ' h e  centre points of all the en~ission grids from Fleming and 
Van der Merwe (2000) were conwrted from t,he origiual Albers geographical projection to a 
latitude/longitude geographical projection for LED. The resulting emission poiuts from the 
conversion were summed into a 0.5 ̂  resolution latitude/longitude Cartesian grid. Quality 
assmanw ;1nd quality cuntrol prr~wdl~res wcrv h i l t  i ~ ~ t , u  tlic cowr,rr;icrn proctw t u  verify fiiutl 
emission values for hoth emissiou inventories. hloreover, only the section pertaining to the 
LED modelling domain was utilized from the final emissiou inventory grid for LED in all 
modelling scenarios. Sulfur emissions elnanating from the oceans and DMS mechanisms, 
were not considered in the LED sin~ulations. 

Figurc 4.12 is a graphical illustration of thr tinal on~iss io~~s grid for S O 2  for all sources for 
2000, utilized in LED for the modelling scenarios, while Figure 4.13 indicate the total NOx 
emission for all sources for 2000. 



Figure 4.11: Sulphur Dioxide (S02) emissions summed over all sectors for 2000.
Units in Gg/annum (Fleming and Van der Merwe, 2000)
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4.6 SUMMARY 

The acquisition of reliable input parameters presents a definite technical, as well as a research 
challer~ge. The first cllallenge stems from the fact that the conipreliensive data sets needed 
to run LED and other long-range models utilized in other countries is not readily available in 
South Africa. There is a need for the development of appropriate software capable of extract- 
ing data froin the existing meteorological data archivus/forecastsl available en~ission datasets, 
aerodynamic characteristics of the surface and vegetation characteristics. In addition, an 
essential task of the data acquisition process is to assure its quality. 

Essential for the final results of any air pollution modt.1 is the reliability of the emission 
rates. Relevant to the African continent is the need to further investigatr and better quantify 
the emissions from natural biomass burning as well as biomass burning for domestic use. 
Altliough in this model, speciallg- designed for the southern African region, the einission data 
set developed during the international SAFARI 2000 initiative is used, its quality should he 
compared against international available data sets. 



Chapter 5 

EVALUATION OF THE LED 
MODEL 

In this Chapter.. . 
The ubjective of this chapter. rs briefly atated (Section 5.1). Stictrvn 5.8 yiucs a detailed 
description of the DEBITS (Depositio7a of Biogeochemical Important Trace Species) program, 
and the associated measurement stations used i.7~ the LED evaluation process. Section 5.3 
focuses on di.scussions of t h f  results obtained by LED for the yenr 2000, and the comparison 
with the SAFARI  2000 znitiative obsenutiun data. Section 5.4 concludes the chapter by 
summarizing and pointing out possible reasons for obsen~ed discrepancies bct~ueen the modcl 
results and ezperimental data during the emluation process. 

5.1 OBJECTIVES 

Model performance evaluation, or niodel validation is the process of testing a model's abil- 
ity to accurately estimate observed measurements of air quality parameters over a range of 
meteorological conditions and emission scenarios. When conducted thoughtfully and thor- 
oughly. the process of model evaluation will give direction to the continuing cycle of model 
development, data collection, morlrl testing, diagnostic analysis, refincrnmt, and retesting. 

In this chapter the LED'S model performance is tested (evaluated) against air quality 
measurements for the year 2000 over the southern African region. This period coincides with 
the international SAFARI 2000 science initiative. During this period intensive ground based 
and remote measurements of the air quality and meteorological parameters were observed. 

5.2 DEBITS 

The IDAF program (IGAC (International Global Atmospheric Chemistry) /DEBITS/Africa) 
was initiated in 1994 by French and African scientists within the scope of the DEBITS (De- 
position o f  Biogeochemical Important Trace Species) program, in order to study atmospheric 
depositions in the tropical re,' 01ons. 

In 2000, the IDAF network was formed with 10 stations situated on the African continent. 
Each station is representative at the regional scale of a great Afriran ecosystem. The 6 
stations of West/Central Africa are under the responsibility of the Laboratory of Aerology 



in France, while the 4 South African stations are under the responsibility of the North-West 
University (gaseous) and ESKOhl (wet deposition), Johannesburg. 

The DEBITSIIDAF objectivrs are sustained by a measurement program including: 

. rainwater sampling for chcn~ical analysis to rstinlat,~ wet deposition of i<lcntified sprx'i~:s; 

nlsasurement of gaseous 03, SO2. NOz, HN03, NH3 concentrations to estimate dry 
deposition values of these species: 

collection of bulk aerosol samples for cherrlical analysis to estimate dry deposition fluxes 
of aerosols. 

Monthly mean gaseous measnrements at the DEBITS sites are based on the property 
of molecular diffusion of gases on an impregnated filter. species-specific to each pollutant. 
Each sampler consists of an impregnated filter or molecular sieve that absorbs the gas to be 
analyzed, and a diffusion barrier (usually an mtrapped air volume) that keeps the sampling 
rate constaut. If t l ~ r  aiwrptiou is t.tficieut: the sa~upli~lg rate call he calculated from the 
cross-section area perpendicular to the transport direction and the distance over which the 
gas l ~ a s  to diKuse. using Fick's first law of diffusion. It is essential that the transport occurs 
only by molecular diffusion aud that no gas is lost to the walls of the sampler. The sampling 
rates, and for that matt,cr, the concentration range of the sampler, is directly proportional 
to its cross-sectional area and inversely proportional to its length. Passive samplers have 
been tested and validated since thp beginning of 1998 in the IDAF network in 6 African 
stations (A1 Ourabi aud Lacaux, 1999; Lacaux, 1999). This technique has also been tested 
in different tropical and subtropical regions (Ferm and Rodhe, 1997; World Rfrteorological 
Organization (WILIO), 1997) Diffusive samplers have many advantages in the field such as: 
no need for calibration, sa~npling tubing, electricity or technicians. The samplers are sinall, 
light, re-usable, cost-efficient and soundless. 

5.2.1 Sampling Sites 

Figure 6.1 shows the location of the five sampling sites, Anlersfoort, Louis TI-ichardt; Paln~el. 
and Elandsfontein, as well as the predoniinant vegetation of the respective sites. The elevatiol~ 
of the Highveld ranges from about 1400 to 1700 m ahove mean sea level. The regional climate 
is typified by hot sommers with afternoon thundershowers and cold dry winters with strong 
t h e r o d  stratifir:at,ion near ground levcl, partirularly at night. Approximat,cly 70 'X of thr arm 
is covered by grassland with the remainder used for crop cultivation and commercial forestry. 
This region is also the main coal-producing region of South Africa, where currently about 
80 % of South Africa's electricity is being generated (Eskom. 2001). The region also houses 
major petrochemical plants. smaller industries and numerous smouldering colliery discard 
dumps. 

Cape Point 

The Cape Point Global Atmosphere Watch Station is located at 34" 21' south and 18' 29' 
east, in a nature reserve at the southern end of the Cape Peninsula. The monitoring station is 
exposed to the sea on top of a clifl' 234 m above mean sea level. about 60 km south from the city 
of Cape Town. Since the dominant wind direction is southeast-south-sonthwest, the station 
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is subjected to maritime air from the South Atlantic most of the time. The Cape Peninsula 
has a Mediterranean-type climate where the summers are generally dry and windy, whilst the 
winters are cold and wet. Cape Point can approximately be considered as a representative 
regional air quality station despite the proximity of industrial souces. This is attributed to 
very frequent high speed wind, characteristic t,o the site, which leads to rapid ventilation. 

Louis Tr ichardt  

The Louis Trichardt site is locat~d at 23 ~ 00' south and 30 ' 02' east in the Northern Province 
(Figure 5 . 1 ) )  961 m above mean sea level, roughly 400 km to the north-north-east of Jo- 
hannesburg. Although the mean annual precipitation is very similar (748 mm) to that at 
Ermelo (representing An~ersfoort), tlie distribution of rain differs. viz. only 83.8 dr~ys/year 
with 2 0.1 mm are recorded on average, of which 20 days/year receive 2 10 mm/day. January 
is the month with the highest mean total (164 mm), while only 8 mm fall during August. 
From May to September 5 20 mmlmonth are recorded on average (SAWB, 1986). Winds 
show a distinct seasonal variation with a more dominant easterly component during sum- 
mer, veering through south-east in autumn, to predominantly southerly in winter, followed 
by slightly more frequent northrrly-component winds in spring. Llhds  rarely blow directly 
from the industrialized region towards this site. Howver, the site is ideally located to detect 
any pollution that has been recirculated within the frequently occurring subcontinental an- 
ticyclone system. There are no major cities or towms within a 100 km radius. The area is 
predominantly used for agricultural purposes, such as maize and cattle farming, and therefore 
it can be assumed that Louis Trichardt represents a rural site in a scmi-arid region. 

Amersfoort 

The Amersfoort site is located at 27 ' 08' south and 29 4 9 '  east, in the south-eastern part 
of the Mpunialanga Province (Figure 5.11, 1646 in above mean sea level. It is roughly 200 
km south-east of Johannesburg and 50-100 knl sout,h-east to south-south-east of the major 
industrial activities, which also include the main centre of electric power generation in the 
Mpumalanga Highveld area. Amrrsfoort falls into a climatological transition region between 
the liighveld and tlie nearby escarpment. The nearest representative long-term climatological 
ohservations are from Ermelo, about 90 km north-north-cast of Amersfoort (SAWB, 1986). 
The mean annual precipitation is 755 mm. with January (126 mm) and November (131 
mm) having the highest mean monthly rainfall. Rain is recorded on 96.7 days/year (2 0.1 
mmlday), of which on average 24 days receive 2 10 mm/day. However, from May to August 
the average monthly rainfall totals are < 20 mni. During winter arid spring, most winds in 
the Amersfoort area blow from westerly directions (south-west to north-west, 78 %, being 
slightly illore south-westerly in autumn, while during summer only 47 % of winds come from 
the west and 28 % from south-easterly directions. Thus, prevailing winds can be expected to 
frequently transport pollutants froni the metropolitan and industrial regions (Gauteng and 
hlpnmalanga) towards this site. This station is representative of a site strongly influenced by 
iridustry in a semi-arid area. 

Elandsfontein 

Elandsfontein is located at 26 ~ 15' soutli arid 29 ' 25' east, about 1950 nl above nlean sea 
level, in the south of the iVithank/Middelburg industrial region and in the center of the 



Mpumalanga Highveld. It lies 55 km south-south east of LVitbank and 150 km east of Jo- 
hannesburg, approximately 150 m above tli? snrrounding farmland. Possihle sources likely 
to impact this site are nrhan 111~11~s from either Witbank/Middelhurg (northerly winds) or 
from the Gauteng region (west~rly to west-north-westerly winds). hfeteorological observa- 
tions from a nearby weather station (Bethal, 1986; SAWB, 1986) indicate similar cliinatic 
characteristics as those descrihed for Amersfoort. Major coal fired power plants are in a rlose 
proximity to the observation point. Elandsfontein can therefore be considerd an industrial 
site, heavily influenced by the local indutries. 

Palmer 

Palmer is located at 25 " 15' south and 30 ' 04' east. 2000 ni above niean sea level and about 
100 km north-east of Elandsfonteiu, near the escarpment, in an area which is thought t,o 
he representative of a semi-industrialized region in a seil~i-arid region. as the air-flow rarely 
originates from the industrial region (Held et. al., 1996). The clirnate a t  Palmer, due to its 
high elevation, is obviously more extreme than that of t,h? lower-lying plateau, especially in 
terms of the temperature range and the frequently occurring fog events (on average 43 days 
per year, compared to only 19 days at Bethal). The average annual rainfall is about 15 % 
higher than at Amersfoort and Bethal (SAU'B, 1986). 

5.3 RESULTS AND DISCUSSIONS 

The LED model was run for each month during 2000 using the relevant meteorological data, 
and the converted emission database by Fleming and Van der Merwe (2000) as discussed in 
Chapter 4. 

Diffusive sampler nionthly mean results were obtained for selected pollutant species for the 
year 2000 from the abovemer~tioned DEBITS sites. Special emphasis was giwn to the SO, 
and NO, species. These monthly mean values were compared to the calculated (modelled) 
results from the LED model. The error margins of the diffusive samplers utilized at the 
DEBITS sites are 17.4 % m d  3.7 % for SO2 and NO2 respectively (DEBITS , 200.5). 

It should be pointed out that the design of the DEBITS network locations and density was 
designed (aimed) for obtaining the general regional long term air quality trends in the southern 
African region. The number of ohservat,ional points is extremely small, and not all of the 
observation sites are chosen in accordance to the Urorld Meteorological Organisation (WMO) 
criteria for long-range ohservational sites. Howevrr, in t h ~  absence of any other air quality 
obervational sites in the modelling region these DEBITS sites are used to approximately 
evaluate the validity of the calculated concentration and deposition ranges by LED. Keeping in 
mind that the comparison of the modelled and measured results will be of a general qualitative 
nature. 

Table 5.1 presents a comparison of the annual measured concentrations at the DEBITS 
sites againts modelled (calculated) results from the LED model for SOz for the year 2000, 
while Tabk 5.2 presents the same for the monthly quantities. Figures 5.2 to 5.7 give the 
tahulated results graphirally for the same locations respectively. The % difference colunin 
in Table 5.1, i~idirates the persentage difference between the annual mean measured and 
modelled values for the specific stations respectively. 



Table 5.1: Annual mean ambient concentrations for SO2 in pg.m-3 (passive data) compared to modelled data for 
2000 

DEBITS Site 
Capc Point 

m Arncrsfoort 5.4 2.4 

SO2 / / L ~ . I ~ - ~  
hlcasnrrd 
hlvdcllcd 

Annual mean 
1.4 
1.5 

% Difference 

6.7 

Minimum monthly mean 
0.5 
1.0 

Maximum monthly mean 
2.4 
1.8 



Table 5.2: Monthly averaged ambient concentrations for SO2 in pg.m-"passive data) compared to modelled data 
for 2000 
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Figure 5.2: An comparison of the annual modelled results versus measured S02
results for the DEBITS stations for the year 2000

The analysis of Table 5.1 and Figure 5.2 reveals that both the measured and modelled
concentrations clearly discern the sites which partially fulfill the requirement of regional air
quality stations, from the stations that are located in industrial areas. The annual concentra-
tion in Amersfoort (AF), Elandsfontein (EL) and Palmer (PA) (located in industrial areas)
are five to eighteen times higher than t.he LT and CP stations (partial WMO compliant).
This fact gives the first assurance that LED can produce reliable results for the mean annual
quantities. This conclusion is further supported by analysis of the minimum and maximum
concentrations where the discrepancies between the observed and modelled concentrations
are quite acceptable.

One should note however the relatively big discrepancy calculated for the Louis Trichardt
site which ammounts to 83%. Possible explanations for this might be sought in the accuracy
and reliability of the emission data set utilized in LED scenarios. This point will be further
discussed, when comparing the concentration fields produced by the SAFARI 2000 emission
data set with the international EDGAR 2000 emission data set.

The application of LED for the region under study is further supported by the graphical
results from Figures 5.3 to 5.7. For the majority of the months at all stations, the discrepancies
between the measured and modelled results do no exceed 10% to 40%. There is a need

for analysis for the few cases where the discrepancies exceed 100%. For example the most
noticable discrepancies can be noted for the Louis Trichardt station for the month February.
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Figure 5.3: A comparison of monthly modelled S02 results versus measured S02
results for the Cape Point station during 2000 (Note the absence of measurements
during August and September during 2000)

Figure 5.4: A comparison of monthly modelled S02 results versus measured S02
results for the Amersfoort station during 2000
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Figure 5.5: A comparison of monthly modelled 802 results versus measured 802
results for the Louis Trichardt station during 2000
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Figure 5.6: A comparison of monthly modelled 802 results versus measured 802
results for the Elandsfontein station during 2000
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Figure 5.7: A comparison of monthly modelled 802 results versus measured 802
results for the Palmer station during 2000

Tables 5.3 and 5.4 together with Figures 5.8 to 5.13 represents the results for N02 which
are compiled in the same manner as 802.
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Table 5.3: Annual mean ambient concentrations for NO2 in /lg.m-3 (passive data) compared t,o modelled data for 
2000 

Maximum monthly mean 
2.3 
4.7 
5.5 
8.2 
1.0 
1.3 
10.1 
20.1 
5.1 
9.3 1 

S 

DEBITS Site 
Capc Point 

Amcrsfoort 

Louis Trichardt 

Elandsfontcin 

Palmcr 

Annual mean 
1.5 
3.6 
4.1 
4.3 
0.7 
0.9 
7.5 
12.6 
3.2 
6.2 

NOz / pg.n~-3 
Mcasurcd 
Modcllcd 
Mcasurcd 
hlodcllcd 
Mcasurcd 
hlodcllcd 
Mcasurcd 
Modcllcd 
Mcasurcd 
hlodcllcd 

% Difference 

58.3 

4.7 

22.2 

40.5 

48.4 

Minimum monthly mean 
0.9 
2.4 
2.1 
2.3 
0.2 
0.3 
5.5 
6.8 
1.7 
2.7 
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Figure 5.8: A comparison of the annual modelled results versus measured N02
results for the DEBITS stations for the year 2000

The LED results for the annual minimum and maximum concentrations (Table 5.3 and
Figure 5.8) allow for making the same conclusion as for 802, namely that LED reproduce
the annual quantities reasonably well. The monthly quantities shown in Figures 5.9 to 5.13
and Table 5.4 reveal the almost consistent overprediction of LED for all observation sites.
The magnitute of this overprediction which reaches 100 to 150% for certain months is not
unusual in the field of air pollution modelling, but deserves further study. One reason for
the overprediction might be in the more complicated chemical transformation mechanisms
of nitric species compared to sulphur compounds, as well as deposition mechanisms imple-
mented in LED. It should be noted that LED chemical transformation mechanism is based

on linear transformation mechanisms. The refinement of the NOx chemistry mechanism is
also compelled by the need of modelling the tropospheric ozone cycle.

Table 5.5 contains the historical data for seasonally average concentrations for 802 and
804, as well as N02 for the years 1996 to 1998 as taken from Mphepya (2002). The comparison
of this set of data with the modelled results for the year 2000 allows one to make only one
conclusion, namely that the LED results modelled for 2000 fall within the range for the
observed concentrations during the specified time period 1996 to 1998.
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Table 5.4: Monthly averaged ambient concentrations for N02 in Jig.m-3 (passive data) compared to modelled data
for 2000

(D
w

Site Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Cape Point Measured 1.72 1.52 1.72 2.10 1.52 1.52 2.29 N/A N/A 0.95 1.14 0.95

Modelled 4.18 4.21 4.47 3.88 4.69 3.44 2.86 2.85 2.38 3.44 3.81 3.37
Amersfoort Measured 2.10 4.76 4.38 4.00 5.15 3.81 5.53 3.24 N/A N/A 3.81 N/A

Modelled 2.84 2.34 2.57 5.88 2.49 3.20 3.42 6.38 8.23 5.71 3.75 4.31
Louis Trichardt Measured 0.95 0.19 0.38 0.57 0.95 0.57 0.95 0.95 0.95 0.57 0.95 N/A

Modelled 1.13 0.34 0.58 0.75 1.08 0.66 0.46 1.17 0.86 1.01 1.27 0.85
Elandsfontein Measured 6.67 5.53 6.86 10.10 7.24 6.29 10.10 8.39 6.86 7.24 6.67 N/A

Modelled 11.40 8.28 10.40 17.60 9.54 6.81 10.10 18.80 20.10 14.30 10.20 13.80
Palmer Mesured 5.15 2.29 2.29 3.24 2.86 4.96 3.81 3.43 2.86 2.67 1.72 N/A

Modelled 7.55 2.73 4.33 7.70 7.70 2.95 3.90 9.37 6.75 7.46 5.62 7.91
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Figure 5.9: A comparison of monthly modelled N02 results versus measured N02
results for the Cape Point station during 2000

Figure 5.10: A comparison of monthly modelled N02 results versus measured
N02 results for the Amersfoort station during 2000
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Figure 5.11: A comparison of monthly modelled N02 results versus measured
N02 results for the Louis Trichardt station during 2000
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Figure 5.12: A comparison of monthly modelled N02 results versus measured
N02 results for the Elandsfontein station during 2000
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Table 5.5: Seasonally averaged concentrations for S02, SO~- (shown in brackets) and N02 in J.Lg.m-3 for 1996 to
1998 (Mphepya, 2002) , compared to modelled results for 2000

<.00)

S02 and (S04 ) N02
Site Year Autumn Winter Summer Autumn Winter Spring Summer

Cape Point 1996 n/a n/a n/a n/a n/a n/a n/a n/a
1997 n/a n/a n/a n/a n/a n/a n/a n/a
1998 n/a n/a n/a n/a n/a n/a n/a n/a
2000 1.70 (0.19) 1.24 (0.10) 1.30 (0.12) 1.57 (0.14) 4.35 3.05 3.21 3.92

Amersfoort 1996 - - - - - - - -
1997 - 10.9 8.0 10.9 - 5.0 4.3 4.0
1998 5.9 8.2 7.4 10.1 2.6 3.1 4.3 3.3
2000 4.41 (1.52) 4.96 (0.94) 7.30 (1.57) 3.69 (1.29) 3.65 4.33 5.90 3.16

Louis Trichardt 1996 1.3 3.7 2.1 1.3 2.1 0.9 1.4 1.5
1997 2.4 2.4 1.9 1.3 0.7 1.0 1.2 1.0
1998 5.1 6.1 5.1 3.7 0.9 1.2 1.2 1.2
2000 0.54 (0.44) 0.46 (0.29) 0.77 (0.40) 0.46 (0.40) 0.80 0.76 1.05 0.77

Elandsfontein 1996 15.5 (7.1) 33.1 (7.3) 24.9 (6.9) 26.3 (3.6) 10.3 15.9 10.7 10.9
1997 23.8 (4.9) 37.5 (6.8) 17.3 (5.7) 15.9 (13.3) 10.3 12.9 8.4 7.9
1998 20.6 (21.6) 29.8 (18.6) 17.9 (19.3) 16.3 (18.5) 14.1 13.9 14.9 -
2000 16.60 (3.51) 15.27 (2.01) 19.47 (2.75) 14.73 (2.98) 12.51 11.90 14.87 11.16

Palmer 1996 13.6 (6.8) 13.1 (5.7) 6.6 (3.6) 3.1 (4.4) 7.0 7.6 4.8 3.2
1997 7.5 (4.5) 14.8 (9.1) 4.7 (9.9) 3.3 (11.8) 4.4 5.3 3.9 2.5
1998 9.9 (16.5) 16.7 (18.0) 4.8 (11.0) 3.3 (9.3) 4.9 9.9 4.4 4.3
2000 7.79 (2.31) 6.13 (1.18) 7.75 (1.72) 7.16 (2.07) 6.58 5.41 6.61 6.06



Figure 5.13: A comparison of monthly modelled N02 results versus measured
N02 results for the Palmer station during 2000

An important atmospheric pathway for the removal of pollutant species from the atmo-
sphere is through the process of dry and wet deposition. However, these processes lead to
degradation of fragile environments typical for the region, or in some cases a supply of nutri-
ents to the ecosystems.

Table 5.6 recapitulates the monthly dry deposition totals as calcualted by LED for the
year 2000 for the selected DEBITS sites. Unfortunately, no data sets are available for the
region to compare with the calculated results. In the study by Mphepya (2002) seasonal dry
deposition totals for the DEBITS sites for the years 1996 to 1998 are presented. These results
for sulphur and nitrogen species, as well as calculated LED dry deposition results for 2000,
are presented in Tables 5.7 and 5.8. The general conclusion which can be made on the basis
of these data sets is that LED generates dry deposition values that do not deviate from the
observed quantities.

Similarly the LED results for the monthly wet deposition totals for sulphur and nitrogen
species at the DEBITS sites are presented in Table 5.9. Once again no wet deposition results
are available to evaluate the modelled performance.

Tables 5.10 and 5.11 taken from Mphepya (2002) as well calculated LED results for the year
2000, exhibit the annual mean wet deposition totals for the years 1996 to 1998 at the selected
DEBITS sites. Calculated results confirm the ability of LED to calculate wet deposition
values which is in the range of the observed quantities.
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Table 5.6: Monthly dry deposition totals (kg.ha-1), of S from S02 and SO~-, as well as N from NO and N02 as
modelled by LED for 2000

to
00

Site Specie Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dee

Cape Point 802 as 8 0.08 0.07 0.08 0.07 0.09 0.06 0.05 0.06 0.05 0.06 0.07 0.06

804' as 8 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01
NO as N 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
N02 as N 0.05 0.04 0.05 0.04 0.05 0.04 0.03 0.03 0.03 0.04 0.04 0.04

Amersfoort 802 as 8 0.16 0.10 0.13 0.25 0.14 0.17 0.19 0.20 0.26 0.33 0.20 0.25
80- as 8 0.07 0.05 0.07 0.14 0.05 0.04 0.07 0.06 0.08 0.11 0.08 0.10
NO as N 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.03 0.01 0.01 0.01
N02 as N 0.03 0.02 0.03 0.05 0.03 0.03 0.04 0.05 0.07 0.06 0.04 0.05

Louis Trichardt 802 as 8 0.03 0.01 0.02 0.02 0.04 0.02 0.01 0.03 0.02 0.03 0.04 0.02
80- as 8 0.04 0.00 0.02 0.02 0.04 0.02 0.00 0.03 0.01 0.02 0.04 0.03
NO as N 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

N02 as N 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01
Elandsfontein 802 as 8 0.72 0.44 0.60 0.95 0.62 0.38 0.56 0.74 0.57 0.83 0.57 0.85

80- as 8 0.20 0.12 0.17 0.28 0.16 0.06 0.14 0.15 0.14 0.19 0.14 0.20
NO as N 0.03 0.02 0.02 0.04 0.02 0.02 0.02 0.06 0.07 0.03 0.02 0.03

N02 as N 0.13 0.08 0.11 0.18 0.11 0.07 0.11 0.17 0.15 0.16 0.11 0.15
Palmer 802 as 8 0.40 0.12 0.22 0.40 0.42 0.15 0.20 0.34 0.23 0.37 0.28 0.39

80' as 8 0.16 0.04 0.08 0.15 0.18 0.04 0.07 0.10 0.07 0.14 0.09 0.16
NO as N 0.02 0.01 0.01 0.02 0.02 0.01 0.01 0.03 0.02 0.02 0.01 0.02

N02 as N 0.08 0.03 0.04 0.08 0.08 0.03 0.04 0.09 0.06 0.08 0.06 0.08



Table 5.7: Seasonal dry deposition totals for each year (kg.ha-') of S from SO2 and S O :  respectively, as well as 
annual totals of S deposition for 1996 to 1998 (Mphepya, 2002), compared against modelled results for 2000 



Table 5.8: Seasonal dry deposition totals for each year (kg.ha-') of N from NO and NOz, respectively, as well as 
annual totals of N deposition for 1996 to 1998 (Mphepya, 2002), compared against modelled results for 2000 

I NO as N I NO; as N I Annual I 
V l t e  I Year I Autumn I Winter / Spring 1 Summer I Autumn I Winter 1 Spring I Summer I Total N 

/ Cape Point ( 1996 n/a n/a n/5 I n/a 1 1115 I 11/a 





Table 5.10: Annual three-year mean wet deposition (kg.ha-l.yr-') for 1996 to 1998 (Mphepya, 2002), compared 
against modelled results for 2000 



Table 5.11: Mean seasonal and annual wet deposition (kg.ha-1) of S from SO:-, and N from NO; respectively, 
during the period March 1996 to December 1999 (Mphepya, 2002), compared against modelled results for 2000 

k- 
0 
w 

Site 
Cape Point 

Amersfoort 

S O :  as S 
Year 

1996 - 1999 
2000 

1996 - 1999 
2000 

NO; as N 
Annual 

n/a 
0.67 
13.60 
6.32 

Autumn 

n/a 
0.20 
2.66 
1.53 

Autumn 

n/a 
0.16 
0.89 
0.69 

Summer 
il/a 
0.17 
1.77 
0.81 

Winter 
./a 
0.15 
0.48 
1.36 

Annual 
n/a 
0.55 
5.49 
2.73 

Winter 
n/a 
0.12 
0.22 1 
0.59 

Spring 
nja 
0.13 
5.34 
1.59 

Spring 

n/a 
0.10 
2.61 
0.64 

Summer 

n/a 
0.20 
5.12 
1.84 



5.4 EVALUATION OF EMISSION DATA 

The importance of the quality of emission data can uot be underestimated in any air quality 
model, and it is generally acknowledged in the n~odelliug community as a major source of 
uncertainty. 

The emission data utilized by LED was the one accepted by the SAFARI 2000 research 
plan (Flemming and Van der Merwe, 2000), see Figure 4.12. In Figures 5.15 and 5.17 the 
amticlit concentration and dry rl'position fields for SO2 are illubtrated, which were produced 
utilizing the SAFARI 2000 emission database, A disturbing fact in these figures is the absence 
of any output fields around the well known Zambian Copperbelt. wlmse SO2 emission rates 
are comparable to those of the highly industrialized Mpurnalariga Highveld region in South 
Africa (See EDGAR 2000 Emission database: Figure 5.12). There is also no significant out,put 
over Zimbabwe for the ambient concentrations. 

The obvious advantage of the international EDGAR emission database, ~~hic.11 properly 
depicts the Zambian Copperbelt led, to the repetition of the calculation of ambient ronren- 
tration as well as dry deposition for the winter season during 2000. The aini was to evaluate 
the importance of the quality of emission rates for producing reliable air pollution outputs. 111 
Figurcs 5.16 and 5.18 the sanic fields as in Figurcs 5.15 and 5.17 are sl~own. C~nuyarisoiis of 
the fields between these two sets of figures clearly den~onstrate the deficiency of the SAFARI 
2000 emission dataset. As a result of the use of the international data set the anticipated 
ouput fields around the Zambian Copperbelt are visible. Even wit,hout quantitative analy- 
sis, output fields in these figures demonstrate that the environmental impact of the Zambian 
Copperbelt is comparable to the industrialized Mpumalanga Highveld region. 

Further one can anticipate that the use of more reliable emission data may improve the 
already discussed discrepancy of the modelled against measured results a t  the Louis Trichardt, 
station. Clearly this station, which is closely located near Zimbabwe and Zambia. can not 
get any input from these countries if the model is used based on the Flemming and Vnii der 
Merwe database (Figure 5.15). The opposite is true for the results in Figure 5.16 wherr the 
industrial activities in the Zambian Copperbelt and Zimbabwe may increase the pollution 
levels a t  the station. 

This discussion leads to the recommendation of revisiting the local SAFAR.1 2000 eniissior~ 
dataset. 
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Figure 5.15: Mean ambient S02 concentrations (j.tg.m-3) for the winter season
during 2000 based on the emission database from Flemming and Van der Merwe
(2000)
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Figure 5.16: Mean ambient S02 concentrations (JLg.m-3) for the winter season
during 2000 based on the EDGAR 2000 emission database

Figure 5.17: Accumulated dry deposition, SOx as S (kg.ha-1.3 months-I) for the
winter season during 2000 based on the emission database from Flemming and
Van der Merwe (2000)
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Figure 5.18: Accumulated dry deposition, SOx as S (kg.ha -1.3 months-1) for the
winter season during 2000 based on the EDGAR 2000 emission database

5.5 SUMMARY

LED model results for ambient concentrations, as well as deposition fields were produced

for all months during the year 2000, and compared with the available experimental data at
the DEBITS sites. Data obtained for the evaluation were in the framework of SAFARI 2000

research campaign. However, the ground measurements needed for the evaluation of LED were
not sufficient due to the small number of observation pionts (5), and geographical location
which does not comply with the WMO criteria for baseline regional air quality stations.

Another shortcoming stems from the fact that some of the DEBITS stations were not fully
operational during the year 2000. The predetermined SAFARI 2000 research plan for the
period of integration (2000), did not allow the use of previous years measured data (where
the availability of experimental data is somewhat more complete) for the evaluation exercise.
Therefore data from before the year 2000, has been used to only evaluate LED capability of
producing results which are in the range of the inter-annual observations.

Despite these inherent difficulties of not having a complete set of experimental data for
the evaluation process, this chapter presents enough evidence of LED to produce reliable
results. The annual quantities compare quite accurately. The bigger variation in differences
of the monthly quantities is also within the acceptable range. The numerical experiment
carried out with the alternative emission data set (EDGAR), clearly shows the importance
of revisiting the existing emission data set accepted by the SAFARI 2000 research group,
and gives a reasonable explanation for some of the monthy deviations observed at the most
northen DEBITS station.
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Chapter 6

LONG-RANGE TRANSPORT OF
SOx AND NOx FROM SOUTH
AFRICA

In this Chapter...

The objective of this chapteT is briefly stated (Section 6.1). Section 6.2 gives a detailed
description of the input parameters for the LED model that were used in this study, while
Section 6.3 focuses on the discussions of the results obtained from the LED model. Section
6.4 summarizes areas of application of the LED model.

6.1 OBJECTIVES

The Mpumalanga Highveld region in South Africa is the industrial hub of South African
industries, with an enormous environmental footprint.

Major sources of S02 in this region includes power stations, petrochemical plants, various
other industries (e.g., brick works, ferro-alloy smelters, steel works, fertilizer plants, pulp and
paper mills), colliery discard dumps, as well as biomass burning. Particulate sulphate is also
emitted by some of these sources. According to Siversten et. al. (1995), 66 % of the annual
total of 1.1 Mt of sulphur emitted into the southern African atmosphere originates in South
Africa and of this 90 % is from the Mpumalanga Highveld (Wells et. al., 1996).

In this section, the LED model was be utilized to establish and assess the impacts of
emissions emanating from this industrialized highveld region of Mpumalanga, South Africa,
on the southern African region. Special emphasis is on the airborne SOx and NOx species
emanating from this region.

6.2 MODELLING PARAMETERS AND MODELLING SCE-
NARIO

The converted emission database by Fleming and Van der Merwe (2000) as described in
Chapter 4 was utilized as the baseline emission database for this study (as illustrated in
Figure 4.12). Emissions for S02 and NOx species were extracted for the specific highveld
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region, and these emissions were converted into a region-specific emission database for input

into LED. A graphical illustration of the highveld specific emission database that was utilized
in LED is illustrated in Figure 6.1.

15 20 25 30 35

Figure 6.1: Gridded 802 (top) and NOx (bottom) emissions (Gg per annum)
for the greater Highveld region during 2000 (from Fleming and Van der Merwe,
2000 )

Monthly meteorological data files for 2000 were utilized in this modelling scenario. A
detailed description of the meteorological data was given in Chapter 4.

Results from the LED model include seasonal (summer and winter), as well as annual
ambient concentrations, dry deposition and wet deposition profiles for SOx and NOx species
over the southern African region, which illustrate the environmental footprint of this highly
industrialized region.

6.3 RESULTS AND DISCUSSIONS

Monthly runs for 2000 were executed by the LED model for emissions emanating from the
highveld region. The monthly results obtained from the LED model were averaged for ambient
concentration results, and summed up for deposition results, to obtain seasonal ambient and
deposition results for 2000. As previously mentioned, assumptions were made that the summer
season consists of January, February and December; autumn consists of March, April and
May; winter consists of June, July and August; and spring consists of September, October
and November. Results from the LED model were superimposed on the Cartesian grid utilized
in the LED model for graphical illustrations of these results.
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Figures 6.2 and 6.3 illustrate the mean ambient S02 concentrations (J.lg.m-3) for the
summer and winter seasons during 2000, while Figures 6.4 and 6.5 illustrate the mean ambient
S04 concentrations (J.lg.m-3) for the summer and winter seasons during 2000.

Figure 6.2: Mean ambient 802 concentrations (J.lg.m-3) for the summer season
during 2000

The comparison of Figures 6.2 and 6.3 reveals a resemblance of the extent of the envi-
ronmental footprint, which is due to the similarity of the predominant wind direction for
the two seasons during 2000. The main difference in the meteorological data is in the more
frequent inversion layers, and stable planetary boundary layer during the winter season. This
is reflected in the increase by 35% on average of the maximium ambient concentration expe-
rienced during the winter season of 2000. It should also be noted that the maximum values
calculated by LED are located over, or in close proximity of the emission region.

Figures 6.4 and 6.5 illustrate the mean ambient N02 concentrations (J.lg.m-3) for the
summer and winter seasons during 2000. Analysis of the ambient N02 concentration fields
in these two figures confirms the findings for the S02 concentration fields as discussed in the
previous paragraph.

Figures 6.6 and 6.7 illustrate the accumulated dry deposition of SOx as S (J.lg.m-3) for the
summer and winter seasons during 2000, while Figures 6.8 and 6.9 illustrates the accumulated
dry deposition of NOx as N (J.lg.m-3) for the summer and winter seasons during 2000.

Figures 6.6 to 6.9 show the accumulated SOx and NOx during 2000. Once again the
appearance of the dry deposition output fields reflects the approximate similarity of the
predominant wind direction for the summer and winter season during 2000.

The deposition total for the winter season for these quantities are lower due to the sup-
presed turbulence during this season. A comparison of the range of calculated accumulated
dry deposition values from LED, with experimental data from Mhpepya (2002) (summary of
this data is presented in Table 5.7, Chapter 5), shows that LED produces reliable estimates.
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Figure 6.3: Mean ambient 802 concentrations (J.lg.m-3) for the winter season
during 2000

Figure 6.4: Mean ambient N02 concentrations (J.lg.m-3) for the summer season
during 2000
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Figure 6.5: Mean ambient N02 concentrations (J.Lg.m-3) for the winter season
during 2000

Figure 6.6: Accumulated dry deposition, SOx as S (kg.ha-I.3 months-I) for the
summer season during 2000
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Figure 6.7: Accumulated dry deposition, sax as S (kg.ha-I.3 months-I) for the
winter season during 2000

Figure 6.8: Accumulated dry deposition, NOx as N (kg.ha-I.3 months-I) for the
summer season during 2000
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Figure 6.9: Accumulated dry deposition, NOx as N (kg.ha-I.3 months-I) for the
winter season during 2000

Figures 6.10 and 6.11 illustrates the accumulated wet deposition of SOx as S (JLg.m-3)
for the summer and winter seasons during 2000, while Figures 6.12 and 6.13 present the
accumulated wet deposition of NOx as N (JLg.m-3) for the summer and winter seasons during
2000.

Similarily to the accumulated dry deposition, Figures 6.10 to 6.13 illustrates the accumu-
lated wet deposition of SOx as S (JLg.m-3) for the summer and winter seasons during 2000.
LED produced lower maximum wet deposition values during the winter season, which is at-
tributed to the meteorological phenomina of minimal rain events during the winter season in
the southern African region. It should be pointed out that the range of values for the wet
deposition produced by LED during 2000, compares favourably with the experimental data
set of Mhpepya (2002) for the DEBITS sites.

Figures 6.13 and 6.14 illustrate the pH values of precipitation for the summer and winter
seasons during 2000 as calculated by LED.

The complicated distribution of pH values in the region reflects the inherent patchiness of
the rain events, which are mainly connected with strong convective type of cloud activities.
The range of calculated pH values falls well within the results produced by other models
and observational data (Mphepya et. at., 2004). It can be noted that the lowest pH values
(higher acidity) occurs over the industrialized part of southern Africa, from where the emis-
sions emanate. This must be anticipated by revisiting the calculated ambient S02 and N02
concentration fields as presented in Figures 6.2 to 6.5. The need for southern African data
sets, especially for pH values, to fully validate or correlate modelled results can be emphasized
again.
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Figure 6.10: Accumulated wet deposition, SOx as S (kg.ha -1.3 months-i) for the
summer season during 2000

Figure 6.11: Accumulated wet deposition, SOx as S (kg.ha-1.3 months-i) for the
winter season during 2000
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Figure 6.12: Accumulated wet deposition, NOx as N (kg.ha-1.3 months-I) for
the summer season during 2000

Figure 6.13: Accumulated wet deposition, NOx as N (kg.ha-1.3 months-I) for
the winter season during 2000
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Figure 6.14: Calculated pH values for the summer season during 2000

5 10 15 20 25 30 35 40 45 50 55 60

5.6

5.2

4.8

Figure 6.15: Calculated pH values for the winter season during 2000
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6.4 SUMMARY 

This case study implementation of LED to study the long-range transport from the highly 
industrialized Highveld region of Sout,h Africa, demonstrates the versitality of the LED model. 
This include the calculation of amhient concentration fields, accumulated dry- and wet depo- 
sition fields, as n-ell as pH values of precipitation over the modelling region. 

As demonstrated, the oucput allows the environmental footprint charxteristics to be de- 
termined. In the case nnder consideration, the environmental impact region is located ap- 
proxi~nately 500 to 600 kilometers around the industrial region. 

The comparison of the calcualted model results wit,h limited experimental data for the 
region, and lack of outputs from other models and observations, substantiate the use of LED 
for environmental impact studies, regulatory purposes and decision making. 



Chapter 7 

A DEPOSITION MATRIX FOR 
SOUTHERN AFRICA 

In this Chapter.. 

The objecfiue of th?s chapter- is briefl:y stated (Sectiolr 7.1). Section 7.2 yiues a detuded 
description of the paramrtws utilixd fvr this specific modellcng scenario, while Section 7.3 
discusses the results obtained from the LED model. Section 7.4 coiicludes the chapter. 

7.1 OBJECTIVES 

The transboundary transport of air pollutants in the southern African region is of great 
concern due to the quantity of fossil fuels being utilized, as well as the unique synoptic 
circrilatioil patterns which prevails over this subcontinent. 

Moreover, agricultural activities are imperative for the esistance of many of the inhabitants 
of this rpgion. Deposition of specific species may pose a significant environmental risk. more 
specifically. crop production throughout the modelling region. 

As previously highlighted in Chapter 2: new air quality legislation was promulgated during 
September 2005 in South Africa. The National Environn~ental Management: Air Quality 
Act, 2004 (Act No. 39 of 2004) demands a total paradigm shift from permitting sclierluletl 
processes, to ambient air quality standards. Ambient concentration standards for specific 
pollutant species are set down by the Department of Environmental Affairs and Tourism 
(DEAT) for spccific poll~itia~ts. and thc lattcr sllo~rld not bi: rxwcdsd. Chapter G of the 
National Environmental Management: Air Quality Act. 2004 in South Africa deals specifically 
with the issue of Internatiul~al Air Quality Management and transbounrlary air pollution. 

In this section, the LED model will be utilised to establish and assess the impacts of 
emissions emanating from individual countries in the southern African region. Country-to- 
ronntry dry- and wet deposition matrices will he developed to illustated the contribution of 
individual countries on the other countries in the region. These matrices will give guidance 
in establishing a regional air quality manngcment plan for the modelling domain. 



7.2 MODELLING PARAMETERS AND SCENARIO

Monthly meteorological data files for 2000 were utilized in this modelling scenario. A detailed
description of the meteorological data is given in Chapter 4.

The converted emission database by Fleming and Van der Merwe (2000) as discussed in
Chapter 4, was utilized as the baseline emission database. The geographical distribution of
the emission sources and their associated strenghts are illustrated in Figure 4.12, Chapter 4.
This emission database was converted into a country-specific emission database for input into
LED.

Modelling runs were conducted with LED for the year 2000, utilizing these country specific
emission files. Country-to-country deposition quantities are obtained as a final result from
the LED model. Figures 7.1 and 7.2 present graphical illustrations of the country specific
emission database (files) obtained for South Africa and Zambia respectively from the original
SAFARI 2000 database from Fleming and Van der Merwe (2000).
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Figure 7.1: Sulphur dioxide (S02) emissions in Gg/annum for South Africa
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Figure 7.2: Sulphur dioxide (S02) emissions in Gg/annum for Zambia

7.3 RESULTS AND DISCUSSIONS

Monthly runs for 2000 for all individual countries in the modelling region, were executed with
the LED model. The monthly deposition results can be used to obtain seasonal and annual
deposition quantities on a country-to-country basis.

For illustrative purposes only, Figure 7.3 presents the SOx as S, annual dry deposition
pattern for 2000 over the southern African region for S02 emissions emanating from South
Africa.

Tables 7.1 and 7.2 summarize LED results for the country-to-country dry deposition ma-
trices for 2000, based on the country-specific emissions.

The top values in both Tables 7.1 and 7.2 indicate the persentage deposition recieved
from the specified emitter indicated on the left hand side in the matrix. Therefore every top
horisontal line represents the partition of the deposition to its own and the other countries.
It is obvious that the sum of the partition percentage quantities should add up to 100%. The
bottom values in the horizontal lines are the deposition quantities (percentages) expressed in
tonnes per annum.

The vertical coulumn drawn on the right hand side for each specific reciever country in
Table 7.2, contains the percentage contribution to the deposition from the reciever countries.
Again the sum of these percentages adds up to 100%.

These tables can be used to perform the following analysis. To illustrate the analysis
Botswana will be used as an example using Tables 7.1 and 7.2.

During 2000, and treating the S02 emissions exclusively from Botswana, only 32.58% of
these emissions were deposited over Botswana. While 3.5% of these emissions were deposited
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Table 7.1: Annual country-tecountry dry deposition matrix of SO, as S for 2000 (Top value: Percentage of total 
deposition received; Bottom value: tons.annum-l received). Ang: Angola, Bot: Botswana, Mal: Malawi, Moz: 
Mozambique, Nam: Namibia, Ocn: Oceans, RSA: South Africa, Zam: Zambia, Zim: Zimbabwe 



Table 7.2: Annual country-to-country dry deposition matrix of SO, as S for 2000 (Top value: Percentage of total 
deposition received; Bottom value: Origin of deposition load in persentage). Ang: Angola, Bot: Botswana, Mal: 
Malawi, Moz: Mozambique, Nam: Namibia, Ocn: Oceans, RSA: South Africa, Zam: Zambia, Zim: Zimbabwe 
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Figure 7.3: Accumulated dry deposition, SOx as S (kg.ha-1.annum-1) for 2000,
emanating from South Africa

over Angola (Ang) and 0.15%,4.77%,2.76%,4.91%,38.08%,3.47% and 9.77% were deposited
over Malawi (Mal), Mozambique (Moz), Namibia (Nam), the oceans (OCN), South Africa
(RSA), Zambia (Zam) and Zimbabwe (Zim) respectively.

Therefore the analysis of the horizontal rows for each country allows the quantification in
percentage (top value in Table 7.1), and absolute values (bottom values in Table 7.1) of the
distribution of the emitter country to the deposition pattern in all receiving countries.

The analysis of the vertical column drawn on the right hand side for each specific receiver
country in Table 7.2, allows one to identify where each country's deposition load originates
from. For example Botswana as a receiver obtains 0.0% from Angola, 27.4% from itself, 0.0%
from Malawi, 0.1% from Mozambique, 0.1% from Namibia, 69.0% from South Africa, 2.2%
from Zambia and 1.4% from Zimbabwe. Again the sum of these percentages should add up
to 100%. The percentage deposition received from the specified emitter indicated on the left
hand side in the matrix is indicated by the left column in Table 7.2, and is similar to Table
7.1.

Tables 7.3 and 7.4 summarize LED results for the country-to-country wet deposition ma-
trices for 2000, based on the country-specific emissions. The analysis for the wet deposition
matrices (Tables 7.3 and 7.4), can be executed in the same manner as for the dry deposition
matrices (Tables 7.1 and 7.2).

It is clear from the examples considered above, that if the Botswana goverment decides to
prepare an air quality management plan, the country-to-country matrices indicates that emis-
sions emanating from South Africa is responsible for 69% of all dry deposition in Botswana.

This illustration, based on one country, shows the importance of the country-to-country de-
position matrices in a holistic air-quality management plan for the region as a whole. Analysis
of these matrices clearly indicate the seriousness and complexity of trans boundary transport
of air pollutants in this specific region. However, these matrices are only representative for
the year 2000, and are based on the emission database of Flemming and Van der Merwe
(2000), which clearly needs upgrading (See Chapter 6).
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Table 7.3: Annual country-to-country wet deposition matrix of SO, as S for 2000 (Top value: Percentage of total 
deposition received; Bottom value: tons.annum-l received). Ang: Angola, Bot: Botswana, Mal: Malawi, Moz: 
Mozambique, Nam: Namibia, Ocn: Oceans, RSA: South Africa, Zam: Zambia, Zim: Zimbabwe 



Table 7.4: Annual country-to-country wet deposition matrix of SO, as S for 2000 (Top value: Percentage of total 
deposition received; Bottom value: Origin of deposition load in persentage). Ang: Angola, Bot: Botswana, Mal: 
Malawi, Moz: Mozambique, Nam: Namibia, Ocn: Oceans, RSA: South Africa, Zam: Zambia, Zim: Zimbabwe 



A matrix representative for longer than a one year period (e.g. a decade) can easily be 
calculated using LED. This particular matrix, together with an appropriate opti~nization 
algorithm (maximises the henefit for all countries in the region), can he 11sed as a tool for the 
development of a regional, mutually agreed upon environmental protection plan. 

7.4 SUMMARY 

The results in this chapter clearly demonstrate that the phenomena of long-range transport of 
air pollutants is a serious, complex and significant problem for the countries in the southern 
African region. The results also indicate that impacts from highly industrial countries in the 
region may pose significant risks to dweloping countries, who rt.1it.s for example on agriculture 
as a major contributor to the specific country's gross domestic product (GDP). 

The LED model snpplies objective dat,a, which lays the foundation for the development of 
holistic regional air quality management plans. The implementation of such a managm~ent 
plan will be obviously l~rneficial to all coimtrk~s ill the region. Tlic results ohtainrd frum this 
rnodelling scenario highlights the complexity of transbour~dary air pollutant transport, and 
serious developmental consequences, as well as the availability of reliable data for modelling 
as well as validation purposes. 



Chapter 8 

CRITICAL EVALUATION 

In this Chapter. . . 
In  this chapter the th.c.F.5 (LT a, whole is crLtically evaluated i n  terms of the goals stated and 
the results obtained. Section 8.1 summar.i~es the main results, whilst Section 8.2 deals with 
challenges and oppodirnities for  futuw T C S E ~ ~ T ~ .  

8.1 RESEARCH PROJECT EVALUATION 

The research project forming the basis of this thesis was initiated in the framework of the 
LEADISAFAR1 2000 research initiative. The LEADISAFAR1 2000 research plan consid- 
ered the development of a long-range air pollutant transport and transformation air quality 
model, as a main tool for understanding linkages among physical, chemical, biological and 
anthropogenic processes in southern African systems. 

In achieving the main goal set by the LEADISAFARI 2000 science initiative the thesis 
succeeded in the following aspects: 

To develop a comprehensive air quality long-range transport and transformation model. 
The model includes the appropriate description of the large scale and atmospheric plan- 
etary boundary layer dynamics, linear inorganic chemical transformation mechanisms 
for the oxidation of primary atmospheric pollutants, n~echanisms responsible for the wet 
and dry deposition of pollutants and calculation of the pH value of rain. In the design 
and development of the LED model, the most recent theoretical understanding and 
experimental data was utilized. The adopted modular architecure of the LED model 
allows for easy incorporation of knowledge and inpnts from various branches of scien- 
t,ific fields of nlcteorology. ~ : I~ (~n i i s t~~y ,  phyhin aid biological SC~CII(:DS. It. (:an b? i~oted 
due to tlie contribution of tlie SAFARI 2000 scientific team and international scholars. 
that LED is the first modcl designvd a11d prove11 to be applicable to southern African 
conditions; 

In addition to  the development of LED, software tools useful1 and essential for run- 
ning of this type of model have heen developed for rneteorological and emission data 
preprocessing; 

The model evaluation has shown LED'S capability in reasonably accurate calculating of 

averaged atmospheric concentration, deposition fields and pH values: 



The model methodology for calculating country-tecountry (emitter-receiver) matrices 
provides a valuable tool for development of regional air quality improvement plans, 
legislative initiatives and decision making inforination, applicable to abatement policies 
within the Southern African Development Comnimlity (SADC) region. 

The model performance evaluation during 2000 provides assurance that LED can be used 
for operat,iomal purpost,~. 111 the absence of a sufficient number of properly located observation 
sites, LED is the only tool available for the generation of historical environmental data. 

8.2 FUTURE CHALLENGES AND RESEARCH OPPOR- 
TUNITIES 

The development of a comprehensive long-iange air-pollutant transport and transfor~nation 
air-quality model like LED, requires input from vanous science disciplines, as well a knowl- 
edge and cqpnization of goal specific databases. 

The experience gained during the realization of LED, as well as input and discussions with 
the SAFARI 2000 project team, allowed the following challenges and research opportunities, 
that will lead to the inlprovenlent arid optinlization of the LED nlo~iei, to br idet~tified. 

An appropriate research topic relevant to the region, is the quantification of pollutiotl 
caused by domestic and natural bioniass burning. LED can be implemented for this 
task, keeping in inind that the preliminary estimates show that the total emissions from 
domestic sources is almost equal to the emissions from industial sources. 

The updated SAFARI 2000 cmission database should be compared with available global 
emission databanks, in order to improve its quality and reliability, especially for the 
countries outside the borders of South Africa. 

The ground observatioi~ network over the region is not sufficient, and does not function 
on a continuous basis. There is a need for its ext,ention, for which LED can supply 
information for optimal development. However, the ground rneasure~i~ents needed for 
the evalaution of LED were also not sufficient due to the small number of observation 
pionts (S), and geographical location which does not comply with the WhlO criteria for 
baseline regional air quality stations. 

The cllenlical transformation module implemented in LED can be essentially improvnl 
by incorporating new chelnical species relevant to the region, as well as a non-linear 
chemistry mechanism. An additional improvement in the chemistry model of LED, 
would be the inclusion of an ozone chemistry mechanis~n. Improvent of the oxidation 
mechanism is also a consideration. 

s The planetary boundary layer (PBL) science has achieved a major theoretical improve- 
ment of the understanding of its dynamics during unstable and stable conditions. This 
necessitates the upgrade of the PBL ii~a~del to incorporate the new emerging knowl- 
edge in the non-local turbulent transport phenomenon which is very relevant to the 
atmospheric conditions of tropical regions. 



Further research on the rain formation peculiarities (especially duration and spatial 
dist,rihtion) in-cloud and below-cloud intake of pollutant nlechanisms is needed to 
improve the pH calculation scheme. 

An area of future developmerit in LED is the calculation of vertical concentration pro- 
files. This will allow for its verification using remote sensing data (e.g. satellites). 

In conclusion. it car1 he noted that the present thesis has filled a definite gap iu the scien- 
tific tools a\-ailahle for the souther11 African region. Many scientific and practical problems 
associated with the long-range trausport and transformation of pollutants can he assessed 
utilizing the unique features of the LED model. The develpoment of the LED model has also 
identified new horizous for multi diciplinary scientific research in enviroun~ental science. 
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