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EXECUTIVE SUMMARY 

Need f o r  Methods 

In t h e  environmental  assessment of national energy policies, t h e  Of f ice  
o f  Environmental Assessments (OEA) must de te rmine  the  impac t  of possible 
f u t u r e  energy scenarios on t h e  Nation's air  quality. Each scenar io  yields a 
unique set of .pollutant emissions f rom t h e  part icular combination and geo- 
graphical distribution of energy act iv i t ies ,  as well as .from all  o ther  emission 
sources (e.g., industry). Predictions of these  f u t u r e  emission pat terns  a r e  
provided by large-scale scenario models, such as t h e  Stra tegic  Environmental 
Assessment System (SEAS). 

The assessment process must t a k e  into account  . t h e  environmental  
impacts  of emission pat terns  resulting f rom energy activities. Regulatory 
constraints imposed by government generally specify limits on ambient  con- 
centra t ions  ra the r  than on emissions directly;  t h e r e f o r e , .  it is necessary t o  
determine t h e  concentrations tha t  would resul t  in e a c h  geographic a r e a  f rom 
proposed emission patterns.  Environmental impacts  t h a t  a r e  currently 
unregulated (e.g., ac id  rain) may be  res t r i c ted  in t h e  fu tu re ,  and cur ren t  
regulations may b e  modified as t h e  need becomes apparent. These con- 
s t ra ints  need t o  be  ant ic ipated for long-term energy planning. 

Determining concentrations and deposition caused by given emissions -- 
t h e  "air transport" problem -- is not an  easy mat ter .  The wind intermingles 
pollutants f rom many sources and transports and disperses t h e m ,  o f ten  over 
g r e a t  distances. The pollutants a r e  removed sooner or  l a te r  by precipitat ion 
o r  interdction with surface  features.  In addition, with some pollutants (such 
as sulfur dioxide), chemical  transformations t a k e  place  along t h e  way pro- 
ducing secondary pollutants. 

A number of pollutants emi t t ed  by energy-related act iv i t ies  t end  t o  
persist  in t h e  a tmosphere  for  several  days or more  in some form. Such sub- 
s t ances  can be  t ranspor ted in substantial  quant i t ies  up t o  several  thousand 
kilometers. Important pollutants include par t icula te  m a t t e r ,  sulfur oxides, 
oxides of nitrogen, and hydrocarbons and/or their  react ion products. The 
avcragc distnncc cach pollutant is t ranspor ted may vary greatly with meteor- 
ological conditions, re lease  height,  and background pollution. There  is con- 
siderable uncer ta inty  about  ranges  for  oxides of nitrogen and many 
hydrocarbons. 

For conditions where long-range t ranspor t  may be  substantial ,  environ- 
menta l  analyses must consider ' t h e  potential  impacts  of emissions on a r e a s  
f a r  removed f rom t h e  source. Transport across t h e  boundaries of a i r  quality 
planning regions, states, and even nations can b e  important.  Deposition of 
sulfur compounds and n i t ra tes  in t h e  form of acid  precipitat ion,  for  
example ,  is considered an  important international problem. Various pollu- 
t a n t s  need t o  be  examined t o  see whether long dis tance t ranspor t  is a sig- 
nificant problem. The question is whether t h e r e  might be  geographic a r e a s  
in which transport  f rom many distant  sources,  perhaps in combination with 
local  sources,  could produce adverse levels of suspended concentra t ions  o r  
deposition of pollutants. 



T o  assess ai r  quality const ra ints  and impacts  of energy act iv i t ies ,  
models tha t  account  for long-range t ranspor t  processes, as well as for  local  
e f f e c t s  of meteorological  dispersion, a r e  required. At  t h e  present state of 
t h e  art of modeling, s e p a r a t e  models a r e  used t o  e s t i m a t e  t h e  deta i led ,  
rapidly varying e f f e c t s  of local sources and t h e  long-term average e f f e c t s  of 
d is tant  sources. OEA uses' both types  in its assessments t o  study di f ferent  
e f f e c t s  and constraints. Local models can t r e a t  t h e  shor t - term peak values 
due t o  specif ic  nearby sources; however,  the i r  usefulness in national 
scenarios o f ten  is l imited by a lack of knowledge of exac t  s i t e  locations and 
atheir meteorological  conditions. Long-range t ranspor t  models account for  t h e  
combined e f f e c t s  of many sources and for  t h e  presence of secondary pollu- 
t a n t s  due t o  transformations;  however,  most  current  models can only esti- 
m a t e  long-term average values on t h e  order of several  weeks t o  a year. 

OEA has used long-range t ranspor t  models developed at Brookhaven 
National Laboratory (BNL) and at Bat te l le  Pacif ic  Northwest Laboratory 
(PNI,) tn es t imate  long-term impacts of sulfur oxide emissions and f ine  
par t icula te  emissions for  f u t u r e  energy scenarios. These models a r e  based on 
t h e  principle of tracking t h e  t ra jector ies  of emi t t ed  pollutants as they a r e  
carr ied  across t h e  United S ta tes  by large-scale wind motions. A ltpuffl1 of 
pollutant  e m i t t e d  at a part icular t i m e  is t racked f o r  several  days ,  taking 
account  of its vert ical  dispersion, chemical  transformations , and removal by 
precipitat ion and in teract ion with su r face  features .  Succeeding puffs at in- 
t e rva l s  of about  6 hours a r e  similarly t r acked  until 1 month of emissions has 
been counted,  using ac tua l  meteorological d a t a  for  a part icular month. 
Many sources a r e  t r e a t e d  at di f ferent  locations (as  many as a thousand fo r  
s o m e  studies ). The m e t  hod accounts  for  significant deta i l  about t h e  emission 
scenar io ,  but requires substantial  resources and t i m e  for  d a t a  preparation and 
com puter  processing. , 

Introduction of Matr ices  

In some types of analyses,  i t  is inconvenient or infeasible to calcula te  
a i r  quality and impacts  by use of large  t r a jec to ry  models. Development of 
t h e .  a i r  t ranspor t  mat r ix  method was undertaken t o  provide a s impler ,  f a s t e r  
methad of analysis. The method.  represents  results of comprehensive long- 
range t ranspor t  models in a s imple ,  easy  t o  use form. 

The t ranspor t  mat r ix  concept  is based on t h e  assumption t h a t  t h e  
average  concentration of a pollutant in one geographic region ( t h e  
"receptort t)  is a sum of contributions received from emissions in eve'ry other  
region ( the  "sourcesM). The constants  of proportionality connecting each 
source  region with each receptor  region form a two-dimensional a r ray  or 
matr ix .  For example ,  at t h e  Air Quali ty Control  Region (AQCR)  level ,  a 
238 x 238 m a t r i x  represenrs t h e  expected t ranspor t  o i  pollutants from each 
AQCR t o  every  o ther  AQCR. Each of t h e  constants  of proportionality 
multiplied by t h e  emission from its corresponding source  region yields a 
par t ia l  value for  t h e  expected concentration in t h e  receptor  region. To 
de te rmine  t h e  to ta l  concentrations,  t h e  c o m p o n e n t s  a t t r ibu tab le  t o  each 
source  region must  be summed up. 



OEA asked BNL, and l a te r  PNL, t o  develop mat r ix  representations 
based on thei r  respective long-range transport  models. The present repor t  is . 

a description of t h e  concept  and methodologies used in developing those  
m a t r i c e s ,  a preliminary analysis of those matr ices  and thei r  properties,  and 
a guide t o  t h e  types of applications they can serve. Matrices have been 
generated by BNL for t ranspor t  of sulfur oxide emissions among t h e  238 Air 
Qual i ty  Control  Regions in t h e  conterminous United S t a t e s ,  using the i r  
AIRSOX model. PNL has used thei r  long-range transport  model and a 
s t reamlined calculation method t o  genera te  matr ices  for sulfur oxides and for  
e m i t t e d  f ine  particulates. Matrices have been completed for 4 months of 
meteorological  da ta  (one in each season)  f rom 1974. BNL fur ther  separates  
mat r i ces  according t o  th ree  categories of sources: uti l i ty,  industrial ,  and 
a r e a  sources. They di f fer  in t e r m s  of e f fec t ive  s t a c k  heights and detailed 
distribution of source locations within each AQCR. Matrices have also been 
calcula ted at the  more  aggregated levels of state and Federal  region 
boundaries. 

Uses f o r  Matr ices  

Matrices provide a number of useful properties and can be used in 
several  types of applications. In com prehensive assessments of national 
scope ,  t h e y  permit  rapid and economical  calculation of a i r  impacts for 
mul t ip le  scenarios of eriiissions. In more  l imited analyses,  they.  permit  quick 
calculation of t h e  incremental  impacts of ati incremental  change in emission 
patterns.  The choice of th ree  geographic levels (AQCR, state, and FederaI 
region)  permits one t o  examine imports  .,and exports among any of these  geo- 
graphic units. It also provides t h e  analyst  with simple methods for  making 
broad regional es t imates  using a microcomputer or hand calculator.  

As an example  of current  capabil i t ies,  Figure 3- 1 is  a contour m a p  of 
incremental  sul fa te  concentrations ( a  secondary pollutant)  t h a t  could be 
expec ted  if additional e lect r ica l  utilities were  placed in AQCR /I183 and 
which emi t t ed  1 million m e t r i c  tons per year of sulfur dioxide. (This much 
emission is not presently e m i t t e d  or  planned in t h a t  AQCR.) Although 
indicative of the  type  of problems handled and t h e  graphic display capabil i ty,  
th is  m a p  does not represent  a specif ic  Depar tment  of Energy scenar io  
analysis. 

Applications 

The mat r ix  method has b e e n .  used in several  Depar tment  of Energy 
comprehensive assessment studies and for in-house, fast-response analyses of 
policy issues. In t h e  Regional Issue Identification and Assessment (RIIA) 11, 
national mat r i ces  for sulfur dioxide and sulfa te  were  used t o  project fu tu re  
levels of those poll\rtants at t h e  AQCR level of detail .  In t h e  Technology 
Assessment of Solar Energy (TASE), matr ices  were  used t o  project primary 
f ine  par t icula te  levels as well as sulfur dioxides. S t a t e  level  matr ices  a r e  
current ly  being used t o  project sulfur oxide levels for t h e  National Energy 
Impact  Projection (NEIP) 111 report .  

In each of those  studies,  t h e  mat r ix  method made  it possible to 
analyze a i r  quality impacts  of several  scenarios quickly and t o  easily modify 
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t h e  analyses when scenarios were  a l tered.  Additional sensit ivity.  analyses 
w e r e  made t o  ident i fy  t h e  e f f e c t s  of part icular source  classes or  regions. 
Similar studies carr ied  o u t  in t h e  past with large  t ranspor t  models required 
substantial ly more  t i m e  and e f fo r t  t o  process each scenar io  and variation. 

Several f a s t  response analyses were  carr ied out  by Depar tment  of 
Energy staff  t o  develop insight about f a s t  moving policy issues. Two 
examples  are described in Section 4. One example ,  t h e  tloil-to-co'al con- 
versionn issue,  pertained t o  legislation for converting 'o i l -  and gas-fired 
powerplants t o  coal. In this case, a mat r ix  analysis indicated t h e  .general  
levels  of ambient  concentra t ion impacts  to be- expected in di f ferent  regions 
of t h e  United S ta tes  f rom the  conversions. Incremental  levels of concentra- 
t ions for  monthly averages  , were  relat ively smal l ,  but exposures were  
g r e a t e s t  in populated regions such as t h e  New York C i t y  metropoli tan area.  

Another example of app1i.d analysis was an examination of intcrrcgional 
sulfur trancport  in t h c  upper Ohio Valley I egiur~. A rnarrlx analysis ~ n d l c a t e d  
t h a t  monthly ambient  concentration levels of SO2 and SO4 a r e  substantial ly 
d u e  t o  inter-AQCR transpor t ,  even in AQrR.s  with large  local emissions, 
Violations of annual standards. and high levels of SO2 and TSP appear  t o  be 
an  inter-AQCR and i n t e r s t a t e  problem. 

Limitations 

Important questions remain about t h e  validity of t h e  transport  mat r ix  
method  in general  and about  t h e  accuracy of matr ices  derived with current  
models and methods. Chemical  and physical processes tha t  transform and 
remove air  pollutants,  such as sulfur oxides, f rom t h e  a i r  of ten a r e  not 
l inear in t e r m s  of t h e  amount  of pollutant present. However,  most  large- 
s c a l e ,  long-range t ranspor t  models in current  use a r e  based on linear 
approximations. This is due t o  . t h e  difficulties in simulating nonlinear 
processes and lack of knowledge about t h e  processes. Hence,  t h e  mat r ix  
method is at l eas t  a reasonable . . way t o  represent t h e  results  of those  models 
i n  a convenient form.  There  a r e  also theoret ica l  reasons t o  suggest  tha t  a 
l inear representation should be reasonable for  longer t e r m ,  regional average 
concentra t ions  . 

Curren t  mat r i ces  derived with t h e  BNL and PNL models appear t o  give 
reasonable  correspondence with observed concentration val cles nf sulfur 
dioxide and sulfa tes  in t h e  mid-1974 period. However,  t h e  detailed cause- 
e f f e c t .  relationships among regions a r e  difficult  t o  verify. Hence,  t h e s e  
m a t r i x  relationships must be regarded as experimental  until more  comprehen- 
sive validation work can be completed.  The accuracy  of projections of 
incremental  impact  o f .  one region's emissions on another and t h e  range of 
varlat ien with meteorological  period a r e  not well established. 

Fu ture  Directions 

: Further  development and t es t ing  of long-range t ranspor t  models and of 
m a t r i x  representations is required. Modeling methods need t o  be extended t o  
cover  o ther  important  pollutants,  such as oxides of nitrogen,  n i t r a tes ,  and 
ozone ,  and t o  t r e a t  shor ter  t i m e  intervals. A4odels need t o  be applied and 
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matr ices  generated fo r  m o r e  periods of meteorological  d a t a -  t o  establish 
cl imatological  averages a n d  fluctuations therefrom. Models need t o  be vali- 
da ted  against  observed d a t a  t o  ref ine  parameters  and establish l imits of 
accuracy.  

A particular need is t o  i m p r o v e  t h e  . representa t ion.  of deposition 
phenomena. Wet deposition o f  ac idic  s u l f a t e  and n i t r a t e  compounds is 
famil iar  as t h e .  ltacid. rain1' issue.   he f e w  ': current  models t h a t  t r e a t  long- 
range t ranspor t  and deposition of sulfur show widely di f ferent  results for  t h e  
amount  of sulfur deposited. ' by . several  .d i f ferent  mechanisms. Fur thermore,  
t h e  sporadic na tu re  of rain indicates t h a t  many months  of ri7eteorological 
d a t a  should be taken in to  account when es t imat ing t h e  climatology of . 
deposition. 
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1: INTRODUCTION 

1.1 NEED FOR MATRIX METHOD 

The Off  i ce  of Environmental Assessments (oEA) , Assistant s e c r e t a r y  
fo r  Environment,  analyzes the  impacts  of energy-related environmental  
policies, laws,  and regulations; assesses impacts  on t h e  environment; identi- 
f i e s .  environmental  research requirements for t h e  energy technologies being 
developed by t h e  Depar tment  of Energy (DOE); and delineates t h e  national 
and regional environmental ,  heal th ,  and sa fe ty  impacts  of DOE policies and 
programs. 

Environmental assessments of national policies and trends must consider 
t h e  implications of 'changing pat terns  of a i r  pollutant emissions. In some 
cases, only an indicator of the  general  t rend in a i r  quality might be needed. 
In other  cases ,  i t  is important t o .  e s t imate  t h e  potential  for violation of 

' , ambient  a i r  quality standards.  In t h e  absence of applicable s tandards ,  t h e r e  
is  a need t o  e s t i m a t e  t h e  impact  of changes in emissions on human health 
and ecological systems. 

When assessments a r e  conducted for  ' general ,  long-term policies or 
comprehensive national programs, a large  number of individual emission 
sources may be a f fec ted  and thei r  locations may be problematical. Detailed 
modeling of t h e  air  impacts  of each source usually is impract ical  even if t h e  
locations were  well known and is of debatable  significance when t h e  locations 
a r e  undefined or highly speculative. Par t ly  for  this reason , national 
assessments o f t e n ,  resor t  t o  simplifications in thei r  a i r  quality analyses,  such 
as consideration of gener ic  s i t e  impac t s ,  s imple  roll-back models of a i r  
qual i ty ,  o r  analysis of emission trends.  nothe her problem is t h a t  models for  
dealing with many sources and multiple regions have not been available.) 

Estimation of changes in a i r  pollutant emissions , while useful in i t se l f ,  
is not always a reliable measure of a i r  quality impacts.  Emissions have 
di f ferent  significance in each a r e a  because of differences in exist ing a i r  
quali ty,  local  a tmospher ic  dispersion character is t ics  and transport  f rom one 
region t o  ano ther ,  in addition t o  any differences in t h e  susceptibility of 
receptors  and in a i r  quality objectives. Hence,  t h e r e  is a need t o  t r ans la te  
emission es t imates  into measures of a i r  quality impact  tha t  a r e  more  closely 
re la ted t o  t h e  environmental  impacts and s tandards  t h a t  a r e  at issue. 

. ,  
Studies of typical  single source conditions a r e  useful in i l lustrat ing local  

e f f e c t s  and identifying t h e  difficulties of complying with single source ,  peak 
value l imi ta t ions ,  but they do not cap ture  t h e  aggregate  problems 
experienced by regions. Roll-back models cap ture ,  in a crude fashion,  
aggrega te  local e f f e c t s ,  but t h e y ,  like single-source models,  do not deal  
with t h e  e f f e c t  of pollutants transported across regional boundaries. 

The Off ice  of Environmental Assessment has responded t o  some of 
those  shortcomings for regional impacts projection by employing several  
techniques in i t s  assessments. In par t icular ,  t w o  dif ferent  long-range 



t r anspor t  models have been used t o  es t imate  t h e  long-term average 
in te rac t ive  e f f e c t s  of interregional transport  of sulfur compounds and 
part iculates.  These a r e  t h e  AIRSOX model of Brookhaven National 
Laboratory  (BNL) and t h e  long-range transport  model of Pacif ic  Northwest 
National Laboratory (PNL). In ear ly  assessments,  t h e  PNL model was used 
t o  calcula te  t ranspor t  in the  western half of t h e  United S ta tes  and t h e  BNL 
model in t h e  eas te rn  half. Those applications included the  National Coal 
Utilization Assessment (DOE, 1979a) and t h e  Regional Impact Identification 
and Assessment (DOE,  1979b). 

Utilization of t h e  BNL and PNL long-range transport  models provides 
long-term average  concentra t ion es t imates  t h a t  t ake  interregional 
a tmospher ic  t ranspor t  in to  account.  However,  preparation of an emission 
source  scenar io  and computation of concentrations fo r  each new emission 
p a t t e r n  is expensive and time-consuming. Recalculation of new t ra jector ies  
is not o pract ical  approaclr Ivr use In q ~ l c k - t ~  ~rnarotlnd irnpact studies, 
processing numerous emission scenar ios ,  or  analyt ic  exploration of ce r ta in  
charac te r i s t i c  proper t i e s  of transport .  Fur thermore,  t h e r e  was a need t o  
ex tend  the  scope of long-range t ranspor t  analyses in assessments t o  include 
m o r e  months of meteorological  d a t a  (only 1 month of d a t a  was feasible in 
ear l ier  s tudies)  and t o  cover t h e  whole conterminous United S ta tes  with one 
continuous set of computations. 

In addition t o  use in comprehensive assessments of regional scenarios,  
rapid  methods a r e  required t o  provide indicators of a i r  quality impacts  in 
national level assessments. Because information on locations of new plants is 
usually unavailable in such s tudies ,  a model t h a t  deals with aggregate  
regional emissions m a y  be preferable. In t h e  case of pollutants t h a t  undergo 
substant ia l  interregional t ranspor t  and a l t e ra t ion ,  t h e  method should re f l ec t  
t h e s e  effects .  For convenience,  a method t h a t  yields reasonable indicators 
of a i r  quality and impacts  directly f rom emissions es t imates  is desired. 

The mat r ix  method described in this repor t  is intended t o  support 
severa l  of the  needs described above. It provides simple analyt ic  
relationships between aggregate  regional emissions of sulfur dioxide or  f ine  
par t icula tes  and several  measures of their  environmental  impacts. These 
environmental  impact  measures include l o g - t e r m ,  regionwide averages  of 
suspended concentra t ions  of sulfur dioxide, su l fa tes ,  and emi t t ed  f ine  
par t icula tes  and exposure of humans to these  concentrations.  New mat r ices  
in  preparation will also describe deposition of sulfur compounds in several  
lorms.  * Other  measures of environmental  impact  or ambient  quali ty,  such as 
visibility impairment ,  exposures t o  se lected receptors ,  and concentrations of 
o the r  pollutants,  a r e  being studied for  possible fu tu re  implementation.  
However ,  t h e  mat r ix  methorl is not appropriate lurb all types of a i r  impacts  
and should be  considered as only o n e  component of assessment techniques. 
In par t icular ,  t h e  current  form of matr ices  do not predict  short-term (daily 
or  less)  averages  or  local  values such as individual monitoring s ta t ion 
trends.  Hence,  many a i r  quality regulatory questions cannot be addressed. 



1.2 STATUS OF TECHNIQUES FOR ASSESSING LONG-RANGE TRANSPORT 

A number of pollutants e m i t t e d  by energy-related act iv i t ies  tend t o  
persist in t h e  a tmosphere  for several  days or longer in some form. Such 
substances will be  transported in substantial  quanti t ies for several  thousand 
ki lometers  or  more. There is a general  need t o  analyze thei r  t ranspor t  t o  
de te rmine  whether t h e  levels of a tmospher ic  concentra t ions  or deposition a r e  
suff ic ient  t o  violate environmental  standards or otherwise cause  adverse  
effects .  Depending on t h e  pollutant form and t h e  recep tor ,  t h e  mechanisms 
fo r  e f f e c t s  may involve shor t - term peak values, longer t e r m  averages  or 
cumulative measures of concentra t ions ,  deposition fluxes,  o r  volume effects .  
Hence,  t h e  precise form of prediction or  measure of impac t  required of a 
model can ' only be identified a f t e r  t h e  na tu re  of potential  adverse  e f f e c t s  
has been clarif ied or  s tandards  have been established. 

Methods for  describing and predicting t h e  t ranspor t  of pollutants over 
long 'd is tances  a r e  st i l l  in an  ear ly  s t a g e  of development and validation. 
Models for predicting local  behavior of plumes f rom point and o ther  sources 
t o  distances of 10 km or so have ,been extensively developed over t h e  las t  
two  decades (Turner ,  1979). In addit ion,  character izat ion of long-term 
global sca le  t ranspor t  has . been carr ied o u t  for a number of long-lived 
pollutants. However,  models for dealing wi th  regional-scale pollution in t h e  
range of 100 t o  several  thousand km have been developed only recent ly  ' 

(Meyers et al., 1979b; Bass, 1980). Available models a r e  l imited in t h e  
pollutants t r e a t e d ,  t h e  temporal  and spat ia l  resolution, and t h e  proven 
accuracy of prediction. No regional-scale models have been t es ted  and 
evaluated sufficiently t o  sa t is fy  regulatory requirements.  

Although regional models have not  yet  been approved for  detailed 
. regulatory decisions, a number of models a r e  operational or  being developed. 

Table 1-1, adapted f rom Bass (1980),  summarizes many of t h e  major 
models. Several of these  models a r e  operational and considered t o  be useful 
for  assessment .  and general  s t ra teg ic  analysis purposes. These can be divided 
according t o  thei r  applicability t o  shor t - term air  quali ty measures,  usually 
with l imited space and t i m e  coverage,  or  t o  broader geographic coverage and 
longer t e r m  averages. 

Regional transport  of any suspended m a t t e r  t h a t  IS nonreactive or 
subject '  t o  known decay and removal r a t e s  can be modeled reasonably well 
with sufficient  d a t a  on a tmospher ic  motions. Among important  pollutants,  
many radioactive species ,  carbon monoxide, and e m i t t e d  f ine  part iculates 
should be predictable,  although comprehensive observations needed t o  confirm 
f ine  par t icula te  predictions are not yet  available. Transport  of sulfur oxides 
has received considerable a t tent ion and several  operational models appear t o  
give a reasonable representa-tion of available observations of suspended 
concentrations.  However,  uncertainties in knowledge of deposition and 
t ransformat ion processes have led  to wide differences in predictions of 
individual deposition pathways for sulfur. Models for highly reac t ive  organic 
compounds, oxides of nitrogen,  and photochemical  oxidants a r e  not ye t  
operational for  very large  regions, although several  models have been 
developed for urban and somewhat larger areas. 



- ' Tab le  1-1. Curre-nt Long-Range T ranspo r t  Models (USA) 

Type 

Short-Term Models ' \  

P u f f  

P u f f  

Name - . Sponsoring Group 
I 

Atmospheric Transpor t  and NOAA A i r  Resources Lab 
. D i f f u s i o n  Model (ARL-ATAD) 

EURMAP'- 2 SRI 

P u f f  MESOPUFF E RT 

P I  ume Segment source- rans sport Receptor B a t t e l  l e  P a c i f i c  
Ana lys is  Model (STRAM) Northwest Lab 

Plume Segment MESOPLUME ERT 

G r i d  

G r i d  

Long-Term Models 

S t a t i s t i c a l  
T r a j e c t o r y  

"Square" P u f f  

Nor thern Great' P l a i n s  
Regional Model 

SA I 

ERT 

Advanced S t a t i s t i c a l  Argonne Nat iona l  Lab 
T r a j e c t o r y  Regional A i r  
P o l l u t i o n  Con t ro l  Model 
(ASTRAP) 

PNL Regional P o l l u t a n t  
Transpor t  Model 

B a t t e l l e  P a c i f i c  
Northwest Lab 

P u f f  ARL-ATAD NOAA A i r  Resources Lab 

P u f f  EURMAP-l/ENAMAP. SRI 

P u f f / V e r t i  c a l  A1 RSOX Brnokhaven Nat inna l  I ah 
F i  n i  t e  U i  f f  erence 

. . 
Representat ive Research 
and Development Models 

~ u f f / ~ e r t i c a l  Mesoscale T r a j e c t o r y  and NOAA A i r  Resources Lab 
F i n i t e  Di f ference D i f f u s i o n  Model 

Puff 

Plume Segment 

PNL Regional Model B a t t e l  l e  P a c i f i c  
. . Northwest Lab 

Segmented Plume Model Savannah R i v e r  Lab 

P a r t i  c l e - i  n -Ce l l  ADPIC-MATHEW Lawrence Livermore Lab 

G r i d  SULFA3D EPRI/ERT 

G r i d  SURAD EPRI/ERT 

G r i d  

G r i d  

T r a j e c t o r y  

Regional Transpor t  Model 

"Regional Supermodel " 

Teknekron 

EPA Meteor01 ogy Lab 

L i m i t e d  Area Mesoscale Drexel-NCAR-BNL 
P r e d i c t i o n  System (LAMPS) 



For pollutants suspected of having impacts  at very long -distances,  such 
as f ine  part iculates and sulfur,  i t  is important t o  have broad geographic 
coverage. Comprehensive .assessment of their  impacts  requires analysis of a 
major portion of t h e  intensive source a r e a s  of North America ,  preferably all  
of t h e  United S t a t e s  and Southern Canada. Because of t h e  computer  and 
d a t a  requirements associated with such large  a reas ,  long-range transport  
models for sulfur and part iculates have had t o  simplify thei r  description of 
chemical  processes and res t r i c t  their  spatial  resolution. 

Among current  regional-scale mode'ls for sulfur compounds, t h e r e  
appear  t o  be f ive  major long-term models (o r  groups of re la ted models) t h a t  
have been implemented for grids covering a major part  of t h e  Eastern United 
S t a t e s  and Canada. . Two of these ,  t h e  BNL and PNL models described in 
th is  r epor t ,  have been operated for a comprehensive set of sources over t h e  
e n t i r e  contiguous United S ta tes  simultaneously. Three  others  have been , 

opera ted  for various geographic regions and sets of sources. These a r e  t h e  
ASTRAP model developed at Argonne National Laboratory (Shannon, 1979); 
t h e  ENAMAP model developed by, SRI International (Bhumralker et al., 
1980), and several  versions of t h e  ARL-ATAD model developed by t h e  
National Oceanic  and Atmospheric Administration (Heff t e r  , 1980; Draxler , 
1980). Other  models have been developed or a r e  under 'development but 
have not been operated (or  results  published) on comprehensive d a t a  at th is  
s a m e  large  geographic cov.erage. 

1.3 THE TRANSPORT MATRIX CONCEPT 

The methodology described in this repor t  is based on a simple concept: 
a large  geographical a r e a  ( t h e  conterminous United S t a t e s  in this case )  is 
subdivided into a number (n )  of smaller regions. The objective is t o  r e l a t e  
levels of air pollution in each  region t o  t h e  emissions of precursor pollutants 
f rom each of t h e  regions. The key assumption is made  t h a t  t h e  average 
concentration of a part icular pollutant in any region is  a linear combination 
of emissions of i t s  precursor pollutant in every region. For example ,  
concentration in region 1 is given by 

where Ej is t h e  emission r a t e  in region j ,  
and T1b a r e  a set of transport  

coefficients.  Thus, each  region is assumed t o  contr i  u t e  t o  concentrations in 
i t s  own and all  o ther  regions. in proportion' t o  i t s  emissions, and these  
contributions a r e  additive. A similar formula for concentration holds in each  
o ther  region ( i ) ,  excep t  t h a t  a di f ferent  set of values of t h e  coeff ic ients ,  
Tij ,  will apply. Thus, a two-dimensional a r ray  of coeff ic ients ,  or  a matr ix ,  
.is reqilired t o  determine the concentrations values in a l l  regions in t e r m s  of 
a set of emissions f rom al l  regions. Matrices can also be  defined for  o ther  
measures of air qual i ty?  such as mass deposition and light scattering.  

The essence of a matr ix  representation is t h e  assumption t h a t  t h e  
coeff ic ients  themselves do not depend on t h e  emission values,  Ej. They 
will,  in general ,  depend on t h e  geographic boundaries chosen,  t h e  pollutant 
properties,  and t h e  meteorological  transport  properties of t h e  atmosphere. 



Because of d i f ferences  in meteorological  conditions at 'various t imes ,  one  
expec t s  t h a t  t h e  coeff ic ients  applicable for one period of t i m e  will d i f fer  t o  
a grea te r  or lesser e x t e n t  f rom those  applicable for  another period. To be 
useful as a predictive tool ,  it is essential  t h a t  t h e  matr ices  a r e  based on a 
s ta t is t ica l ly  sound e s t i m a t e  of fu tu re  meteorology. 

Ordinari ly,  one expects  t h a t  t h e  emissions with t h e  g rea tes t  
proportional impac t  on a region will be those  emi t t ed  within t h e  region. 
Hence ,  t h e  coeff ic ients  with i = j i n  t h e  mat r ix  -- t h e  so-called l'diagonalll 
e l ements  or intraregional coeff ic ients  -- should be among t h e  largest  in 
value. The interregional coefficients or uoff-diagonalll matr ix  e lements  
( i  # j) account  for t ranspor t  from one region t o  another. The re la t ive  
magnitude . of t h e  interregional t ranspor t  coeff ic ients  in com parison with t h e  
intraregional depends on t h e  properties of t h e  pollutant and the  size of t h e  
geographic regions chosen fo r  t h e  mat r ix  representation.  

Transport  mat r i ces  might ,  in principle, be es t imated by several  
empirical  and theoret ica l  methods. The primary method discussed in this 
I 1.1ses two cxlstlng C ~ m p u t e r  modelc of long-rongc a tmospher ic  
transport .  These models are in turn based on observed meteorological . d a t a  
fo r  several  monthly periods of t ime. A model used for calculating 
interregional t ranspor t  matr ices  must be capable  of identifying t h e  individual 
contributions t o  ambient  concentrations from emissions in each region. Other  
methods ,  including short-range models, could be used for  t h e  diagonal 
elements.  

Using a model ,  ma t r i ces  a r e  generated by f i r s t  tracking t h e  computer-  
simulated movement  of pollutants emi t t ed  f rom a sample  set of sources in 
e a c h  e m i t t e r  region as they a r e  t ranspor ted by large-scale a i r  motions across 
t h e  United Sta tes .  Ground level  concentrations,  deposition, and other  
measures of in te res t  a r e  then tabulated for t h e  receptor  regions. Pollutants 
a r e  released at regular intervals and t h e  resulting impacts  a r e  averaged over 
a period of t i m e  ( 1  month in t h e  present case) and over t h e  a r e a  of t h e  
receptor  region. Then t h e  mat r ix  e lement  Tij i s  obtained by separat ing ou t  
t h e  concentration (or o ther  impact  measure)  produced in each region i 
( A Cij)  by emissions in region j and dividing by t h e  magnitude of those 
emissions , i.e., 

"l'his procedure is repeated fo r  each source  region until an ent i re  mat r ix  of 
coeff ic ients  is obtained for each impac t  measure. The procedure used for  
generat ing mat r i ces  with t h e  BNL and PNL models is described in more  
de ta i l  in Swcliur~ 5. 

The tab le  of values of t h e  A Cij a r e  just t h e  calculated contributions of 
incremental  concentrations in each region due t o  other  regions, fo r  a 
part icular emission scenario. The mat r ix  Tij may be interpreted as a tab le  
of incremental  concentrations associated with unit emissions from each 
source  region. (Examples of Tij  and A Cij  = Tij*Ej a r e  shown in Tables 2- 1 
and  2-2, respectively.) 



The mat r ix  becomes a model ( in e f f e c t ,  a linear model of the  parent 
model used t o  generate  i t )  through t h e  assumption tha t  t h e  concentration 
increments  will change in di rect  proportion t o  Ej. 

1.4 AIR ASSESSMENT METHODS PR.OGRAM 

To improve t h e  efficiency and scope of long-range t ranspor t  analysis in 
comprehensive assessments and also t o  provide quick-turnaround assess,ment 
tools ,  a program of applied methodology development is being carried out  at 
BNL and PNL f o r  t h e  Regional Impacts Division." This program has focused 
on applications of existing models and development of methods t o  improve 
the i r  uti l i ty in assessments. Several types of computational improvements 
have been incorporated t o  increase t h e  efficiency and scope of air  quality 
assessments ,  including, 

Development of transport  matr ices  a t  t h e  Air Quali ty .Control . 
Region (AQCR)  and state and F e d e r a l ,  region levels for  use in 
quick-turnaround applications. 

Extension of the  computation grid for each model t o  cover t h e  
e n t i r e  conterminous United S t a t e s ,  par ts  of Canada ,  and adjacent 
ocean ic  a reas  ( t o  capture  t ra jector ies  t h a t  c i rc le '  back onto  t h e  

. cont inent  ). 

Development and test ing at PNL of streamlined procedures for 
computing new source locations. 

. I .  

Application of the  PNL model t o  t r e a t  f ine  par t icula te  t ranspor t  
and development of matr ices  for this pollutant. 

Development and te5tin.g of t ime-averaged.  representation of 
precipitat ion in wet  removal processes for t h e  PNL model. 

Testing of t h e  sensit ivity of t h e  PNL model t o  di f ferent  chemical  
conversion ra tes  and incorporation of improvements in to  t h e  
model. 

. Incorporation of rainfall d a t a  in t h e  wet removal process in t h e  
BNL model. 

Extension of the scope of sources in t h e  BNL model t o  :,cover 
distr ibuted or  "arealf sources as well as industrial and ,uti l i ty 
sources of emissions. 

Other  related air  quality assessment methods a r e  being developed and 
applied at Argonne National Laboratory (ANL) a n d ,  Los Alamos Scientif ic 
Laboratory (LASL). ANL has developed and applied methods for local . a i r  . 

. , 

* Support for some of the  development and computations was  also 
received f rom t h e  Technology Assessment Division of OEA and f rom t h e  
Mult is ta te  Atmospheric Power Production Pollution Study ( M A P ~ S )  
program of DOE and t h e  Environmental Protect ion Agency. 



quali ty analysis. They have assisted t h e  mat r ix  development by analyzing 
local  air quality da ta  and potential  methods for calibrating mat r i ces  t o  
observed data .  LASL has developed and applied methods for predicting 
visibility impacts  f rom both long-range and short-range t ranspor t ,  prediction 
of NO2 format ion in plumes, and incorporation of air  quality fac to rs  into 
Western U.S. si t ing issues. Methods being developed by LASL may permit  
prediction of regional haze  visibility impairment conditions in conjunction 
wi th  BNL and PNL long-range t ranspor t  matr ices .  . . 

The mat r ix  methodology has been developed and implemented t o  c r e a t e  
several  hundred mat r i ces  t o  date.  These include sulfur compounds and 
respirable par t icula tes  as pollutants,  AQCR , s t a t e  and Federal  region-level 
m a t r i c e s ,  t h r e e  source types ,  t w o  types of averaging,  and 4 months  of 
meteorological  data. Matrices a r e  being utilized in comprehcnsivc 
assessments  such as t h e  Technology Assessment of S ~ l a r  Energy, the National 
Environmental Impact  Projection,  and other  applications. Testing t o  establish 
t h e  properties and validity of the  mat r i ces  continues. (Some preliminary 
resul ts  of this t e s t ing  work a r e  described in Section 5.) 



2. CHARACTERISTICS AND ADVANTAGES OF MATRIX METHOD 

2.1 GENERAL 

In this sect ion,  t h e  character is t ics  and advantages of t h e  .long-range 
t ranspor t  matr ix  method,  as current ly  implemented by OEA, a r e  briefly 
described. Some limitations of the  method a r e  expec ted ,  however,  based on 
t h e  general  theoret ica l  considerations discussed in Section 5.1. ~ u n d a m e n t a l  
l imitations on accuracy a r e  associated with t h e  validity of t h e  assumption of 
a linear relationship. These must be considered when choosing pollutants and 
measures of impact  t o  be represented in mat r ix  form. Pract ical  l imitations 
per ta in  t o  any given matr ix  in t e r m s  of t h e  spat ia l  and temporal  resolution 
of t h e  representa t ion,  accuracy of t h e  underlying model and d a t a  used t o  
genera te  t h e  mat r ix ,  and realism of the  source distribution assumed. 

2.2 ECONOMY O F  EFFORT 

Transport  matr ices  summarize  t h e  results  of many computations 
generated by t h e  parent models. The parent models generate  d i f ferent  
t ra jector ies  for puffs originating at each source  point and for  each t i m e  s t e p  
in  t h e  simulation. Each puff t r a jec to ry  is computed based on 1 month of 
wind speed data.  Precipitat ion and s tabi l i ty  conditions encountered in these  
t ra jector ies  a r e  used t o  compute  pollutant transformation and deposition 
ra tes .  This amounts t o  a very large  number of computations fo r  even 1 
month of weather  data .  However,  with current  ( l inear)  models,  t h e  compu- 
ta t ions  a r e  independent of t h e  quanti ty of t h e  pollutant emissions. Thus, f o r  
a given kind of pollutant ,  t h e  s a m e  transport  character is t ics  can be used for  
any  quanti ty of emission desired. Pollution control  policy studies require 
investigation of many hypothetical  emission vectors. Because t h e  t ranspor t  
mat r i ces  summarize  the  t ranspor t  information generated by t h e  parent 
models,  t h e  e f f e c t s  of many hypothetical  emission vectors  can be explored 
simply by multiplying each by t h e  appropriate matr ix .  The parent models 
a r e  too  complex t o  be used repeatedly  in this manner. .The economy of 
e f f o r t  produced by t h e  matr ices  allows policy analysts t o  invest igate  a large  
number of scenarios easily,  great ly  enhancing t h e  usefulness of t h e  informa- 
tion generated by t h e  parent models. 

2.3 PRACTICALITY O F  AQCR LEVEL 

AQCR-level transport  matr ices  a r e  very pract ica l  because they cor- 
respond well t o  t h e  regulatory jurisdictions used for  a i r  quality planning and 
f o r  collection of emission data .  They provide a computational mesh f ine  
enough for  most long-range t ranspor t  s tudies ,  at l eas t  in t h e  Eastern United 
S t a t e s ,  and coarse  enough t o  keep t h e  Computations manageable. The parent 
models themselves a r e  capable of even finer deta i l  than AQCRs. Fine deta i l  
can be important  for studies of single-point sources but is too cumbersome 
fo r  national-level sludies. However,  t h e  large  s i ze  o i  western AQCRs may 
necess i t a te  some refinement in t h e  future .  



2.4 AVERAGE CONCENTRATIONS 

Implementation of the  matr ix  method is currently l imited t o  relat ively 
long-term t i m e  averages  and broad regional spatial  averages  of suspended 
concentrations.  Bet ter  spatial  and temporal  resolution is possible in 
principle,  but peak shor t - term values fo r  1 day or  less a r e  not considered 
feas ible  with t h e  current  parent models nor a r e  they  likely t o  be linear in 
t e r m s  of regional emission totals. Monthly and annual average values provide 
a n  indicator of a i r  quality trends. They also a r e  expec ted ,  on theoret ica l  
grounds, t o  cor re la te  with many types  of health and ecological ef fects .  
Annual averages  can be used in analyzing broad regional a t t a inment  of annual 
a i r  quality s tandards ,  but will not necessarily correspond well with violati'on 
of short-term s tandards  or peaks reached at isolated monitoring points. 

Figure 2- 1 s l ~ v w s  a map of concentrations of SO4 computed from a 
matr ix  generated by t h e  BNL ~ 1 ~ 5 0 %  rnnrl~l. 

2.5 MATRIX TYPES 

The matr ices  represent  ra ther  compact  summaries of the  information 
generated by repeated parent model runs. This compactness faci l i ta tes  a 
var ie ty  of comparisons if the  appropriate matr ices  have been generated.  
Matrices -have been generated for t ranspor t  from t h r e e  different s t ack  , 

heights: 20 m ,  100 m ,  and 200 m ,  corresponding roughly t o  a r e a ,  
industrial ,  and uti l i ty sources. Matrices have also been generated for  both 
population-weighted averages (appropriate for health e f fec t s  ) and for  
area-weighted averages  (more  appropriate for  acid rain and crop ,damage 1. 
Aggregated mat r i ces  have been produced at the  s t a t e  and Federal  .region 
levels. 

2.6 STATE ANI? FEDERAL REGION MATRICES 

Policy issue studies tha t  require long-range t ranspor t  analyses a r e  
f requent ly  at t h e  state or Federal  regional level. Transport  matr ices  have 
been developed by BNL and PNL at t h e  state level and have been aggregated 
t o  t h e  Federal  regional levcl  using t h e  following formula: 

where: a = receptor  region (Federa l  region) 
. . 

B = source  region (Federal  region) 



Note: Concentrations predicted by transport 
matrix method for  average o f  January and 
July 1974 meteorology. Emission data from 
DOE/FERC (electric u t i  1 i ti es ) and EPA/NEDS 
(other sources) (1975). u 8.. 

(micrograms/rubi c meter) 



i = receptor region (state)  

j = source region (s ta te)  

k = source class (utility, industrial, or area source) 

x denotes weighting by either area or population 

ej and T& are transport matrices at the state and Federal 
regional levels, respectively 

E! and EI are total emissions for the k class of sources in region 
j andB 

The values of a Federal region transport matrix for fine particulates 
for  four months are shuwri iri Table 2-1. A sample state transport matrix is 
included as Appendix A of this report, A t  any geographic level, incremental 
contributions to  Concentration irclrrl each source! tire earl Ix: identified 
separately. These are simply the separate products 4 E f  : ACij obtained 
before summation. An example of such a table at the Federal region level 
is shown in Table 2-2. Terms along the  dlagonal CI=j) in rMs table are Ll~e 
intraregional contributions. Summation of off-diagonal contributions for a 
receptor area gives the imported contribution. Table 2-2 shows that  the 
imported fraction t o  Federal regions varies from 6 t o  92 percent. The 
areabweighted national average is 50 percent for SOB. The comparable SO2 
average is 27 percent. A similar treatment at the state level gives a 
national average of 73 percent for imports of SO4 and 40 percent for SO2. 
All of these figures apply to  a 2-month average of BNL model results. The 
concept of import and local is specific t o  the geographic level of the matrix. 

In summary, state and Federal region matrices allow convenient com- 
putation of imported and local contributions and of region- to-region relation- 
ships. In addition, they provide a simplified analytic tool for quick compu- 
tation of regionwide concentrations (e.g., by pocket calculator or 
rniaocnm pt~ter  ). 

2.7 LOCAL VERSUS LONG-RANGE TRANSPORT 

A major advantage of the matrix approach is the fac t  that computa- 
tions can easily be split into two components: one for locally generated 
concentrations and one for concentrations generated in other AQCRs. The 
local (intraregional) contributions can be computed from the diagonals of the 
transport matrices, and the long-range (interregional) contributions are  
computed using the  off -diagonal elements. Obviously, the  ability t o  dis- 
tinguish between local md long-range effects is very important for regula- 
tory considerations. Because field-measured concentrations from long-range 
sources are Wually indistinguishable from concentrations due t o  local sources , 
computer predictions are  sometimes the only information available on source 
resolution. The use of a ftsquaretl matrix allows substitution of more detailed 
models for the  local source contributions (diagonal terms), while retaining 
off -diagonal elements for the interregional contributions. 



1 
RCCEPTOR 
R E G I O N S  

1 4.660 2 
2 . 1.5096 
3 . 0.0525 
4 . 0.011'0 
5 C.OO0B 
b 0.OOlb 
7 c.0000 
8 0 .O 
9 0.0 
10 0.0 

.. - 
Table 2-1. Fine P a r t i c u l a t e  Transpor t  Matrix 

(Federal  Regi on Level ) 

. E M I T T E R  P E G I O N S  
4 5 t 

.Note: Based on PNL model, using annual average, area-weighted data. Units are  micrograms per cubic meter per m i l l i o n  
metr ic  tons o f  .emissions. 



Taule 2-2. In te r r leg iona l  Cont r ibu t ions  t o  Su l fa te  Concentrations 
(Federal Region Level ) 

Receptor  

Emi tter - 1 - 2 3 4 - 5 - 6 - 7 - 8 - 9 -10 - 

1 0.453 0.059 0.009 0.002 0 .OOO 0.000 0.000 0.000 0.000 0.000 
2 0.540 1 .I99 0.328 0.037 0.009 0.000 0.000 0.000 0.000 0.000 
3 1.232 2.212' 4.728 0.518 0.171 0.01 2 0.001 0.000 0.000 0.000 
4 0.646 0.934 2.559 3.832 1.042 0.256 0.209 0.007 0.000 0.000 
5 2.817 4.120 5.640 1.730 4.420 0.121 0.617 0.026 0.000 0 ; 000 

C 

.I= 6 0.035 0.058 0.098 0.228 0.293 1.032 0.755 0.278 0.068 0.003 
7 0.174 , 0.295 0.322 0.283 0.966 0.169 1 .I13 0.050 0.000 0.000 
8 0.008 0.014 0.007 0.006 0.114 0.059 0.243 . 0.530 0.026 0.061 
9 0.008 0.019 0.014 0.011 0.041 0.484 0.287 0.791 1.848 0.250 

10 0.000 0.000 0.000 0.000 0.007 0.004 0.012 0.080 0.026 , 0.316 

Local 0.453 (8%) 1.199 (13%) 4.728 (34%) 3.832 (58%) 4.420 (63%) 1.032 (48%) 1.113 (34%) 0.530 (30%) 1.848 (94%) 0.316 (50%) 
Import 5.461 (92%) 7.712 (57%) 8.976 (66%) 2.815 (42%) 2.642 (37%) 1 .I05 (52%) 2.124 (56%) 1.232 (70%) 0.121 (6%) 0.314 ( 5 0 ~ 1  

Total 5.914 8.911 13.704 5.647 7.062 2.137 3.237 1.762 1.969 0.630 

Note:  Valties are. from BNL ;model for .average of January and Ju ly  1974 ~l ieteorology;  u n i t s  a r e  microgra~lis per  cubic meter .  



The re la t ive  f ract ions  " o f  local and long-range contributions varies 
great ly  among regions, with a s  much as 99 percent  of SO4 due t o  ,imports. 
On  a national average basis, model runs give about  89 percent  of concentra- 
tions of SO4 contributed by imports and 62 percent  for  SO2 at t h e  AQCR 
level. 

2.8 ERROR ANALYSIS 

The matr ix  approach great ly  simplifies some aspects  of er ror  analysis. 
Errors in computed concentrations may be  regarded as arising f rom errors  in 
t h e  emission vector and f rom errors  in es t imat ion of 'atmospheric t ranspor t  
properties,  which a r e  ref lected in t h e  t ranspor t  mat r ix  elements.  The form 
of t h e  matr ix  representation makes i t  possible t o  compute  t h e  error  
variances in concentrations tha t  would resul t  from given errors  in e i the r  of 
these  two  sources. More complicated models, such as t h e  BNL and PNL 
parent  models a r e  not  as convenient for d i rec t  computation of such e r ro r  
variances. They must be  es t imated  f rom laborious sensit ivity runs of t h e  
model. However,  t h e  parent models a r e  essential  for calculating t h e  
magnitudes of possible errors  caused by uncertainties in various transport  
pa ramete rs  (e.g., wind field e r ro rs ,  t ransformat ion rates) .  

2.9 OPTIMIZATION 

The matr ices  provide a t rac tab le  mathemat ica l  form t h a t  can be 
incorporated into formal  optimization algorithms. The parent 'models a r e  t o o  
cumbersome t o  be used in th is  manner. When and if sound economic d a t a  
a r e  available and optimization c r i t e r i a  a r e  developed, t h e  efficiency of t h e  
t ranspor t  mat r ix  method will be very important.  

2.10 1NTEGRA.TED GRAPHICS 

The matr ix  method outpdt  has been in terfaced wi th  th ree  di f ferent  
computer  programs t o  produce plots. Contour plotting f rom t h e  DISSPLA* 
package is being developed t o  provide maps similar t o  Figure 3-1. Shaded 
maps  at t h e  AQCR level (such as Figure 2 - 1 ) .  a r e  generated by t h e  
SEEDIS*" system. The sAS*** package provides s c a t t e r  plots directly f rom 
terminal  printers ' (Figure. 5-3). Sca t t e r  p lots  a r e  frequently used t o  
invest igate  x-y da ta  t rends ,  and t h e  f i rs t  two  plotting s ty les  a r e  used t o  a id  
perception of spatial  trends. Each s ty le  has i t s  own strengths;  t h e  
combination of all t h r e e  linked t o  mat r ix  method ou tpu t '  is an  e f fec t ive  tool. 

* DISSPLA is a sof tware  package for  graphic d a t a  display marketed by 
Integrated Software Systems Corp., San Diego, California. 

** SEEDIS is t h e  Socioeconomic Environmental-Demographic Information 
System developed by Lawrence Berkeley Laboratory ,  University of 
California. 

*** SAS is a commercia l  computer  so f tware  package developed by SAS 
Inst i tu te ,  Inc., C a r y ,  North Carolina. 



2.11 INFERENCE O F  TRANSPORT PROPERTIES 

A t ranspor t  mat r ix  represents a mathemat ical  transformation of an 
emission field into' a concentration field. A t ranspor t  mat r ix  summarizes a 
large  amount  of information about the  transport  properties of a given period 
and of the  parent transport  model. ' ( ~ u c h  more  information than one 
result ing concentration field.) Examination of matr ices  for different periods 
should a id  in understanding t h e  relationship between meteorological pat terns  
and thei r  transport  character is t ics  and t h e  t ranspor t  processes in t h e  parent 
model. Hence,  t h e  matr ices  may become important  tools in understanding 
and improving models. 

2.12 TRANSPORT DISPLAY 

A visual display of transport  relationships among regions c a n .  be ob- 
ta ined by use of a pseudo mass transport  scheme. If emissions in region j 
cduse  an average ' concentration of 504 in region i of Tii  - Cj , then tile 
average suspended mass in t h e  a i r  above region i IS approximately 
Mij = h - Ai . Tij. E j ,  where  h is t h e  height of the  assunled mixing layer and 
Ai i s  the  a r e a  of region i. In a crude way,  one may  say  t h a t  Mij is t h e  
impac t  of region j on region i. A map  of h4ij values represented as vectors 
f rom one region t o  another is shown in Figure 2-2. 

The flows given in Figure 2-2 a r e  useful in visualizing t h e  re la t ive  
magnitudes of transport  relationships. The width of each vector is pro- 
portional t o  t h e  magnitude of Mij. However,  these  values do not give t rue  
mass  transport .  For th is ,  one needs information on deposition and 'transfor- 
mation. Such information is planned for  f u t u r e  implementaton t o  permit  sul- 
fu r  budget calculations. Displays of Mij a s  in Figure 2-2 a r e  intended only 
fo r  quali tat ive visualization. 



Note: Opposing para1 l e l  arrows ind ica te  
f low i n  both d i rec t ions  between regions. 
Width of each vector  i s  proport ional  t o  
the pseudo-mass transport. '  Very small 
flows a r e  ind ica ted  by dashed 1  i nes.. 
Data a re  from BNL AIRSOX model using 
January and July  averaged, area-weighted, 
u t i  1 i t y  values. 



3. INFERENTIAL CAPABILITIES OF LONG-RANGE TRANSPORT MATRICES 

3.1 GENERAL 

In addition t o  thei r  use in es t imat ing concentra t ions ,  mat r i ces  can be  
used t o  infer o the r  properties of t ranspor t  . t h a t  a r e  less obvious. Several 
such uses a r e  discussed here. The individual e lements  of a mat r ix  represent  
t ranspor t  coeff ic ients ,  coupling pairs of regions as e m i t t e r  and receptor.  A 
number of properties of t h e  t ranspor t  process can b e  inferred f rom these  
m a t r i x  e lements  and combinations thereof. These properties or  "measures" 
can  be computed readily f rom t h e  t r anspor t .  ma t r i ces ,  somet imes 
supplemented by regional population data. . 

3.2 TRANSPORT POTENTIAL O F  AN EMITTER 

This "measuref1 is a conceptual  in terpreta t ion of the .  columns of t h e  
- t ranspor t  matrices. By scanning down t h c  i th  co lu~ni  I ,  rrnP . can see t h e  

potent la l  Influence of t h e  jLh region on each of t h e  o ther  regions. Because 
no ac tua l  emissions a r e  involved, th is  measure  is only a potential. I t  
represents  t h e  amount  of pollution ( pg/m3) t h a t  would be  added t o  each  
region by unit emission of I .  million m e t r i c  tons annually in t h e  jth region. 
An analyst  posed with t h e  problem, "How would each  of . the  regions be  
impacted by emissions f rom t h e  jth region?", could gain quick insight f rom 
a map  of t ranspor t  potentials  for t h a t  region. Figure 3-1 shows such a map  
f o r  AQCR 183, Zanesville, Ohio. A dif ferent  map  could be  generated for  
e a c h  AQCR viewed in turn as an emit ter .  . 

3.3 RECEPTOR POTENTIAL 

Each region has potential  t o  receive  pollutants as well as e m i t  them. 
When considering one region as a recep tnr ,  i t s  potential  for being a f f e c t e d  
by t h e  other  region can be seen hy lcvaking at t h e  corresponding row of L I I C  
t ranspor t  matrix. Each e lement  in th is  row shows t h e  potential  of some 
region t o  t ranspor t  pollutants in to  t h e  se lected region. Figure 3-2 shows 
recep tor  potent ia l  for AQCR #43, New York C i t y ,  New Je rsey ,  and 
Connecticut .  

3.4 IMPACT POTENTIAL 

Integral  measures of potential  impacts  may be inferred directly f rom 
t h e  matrices.  Suppose one has a function,  Vi, representing t h e  susceptibility 
t o  impact  of a population or  crop. If wc assume t!iat Vi tirnes C i  is a 

' measure  or surrogate  for impac t ,  then t o t a l  Impact ( I )  for  t h e  United S t a t e s  
would be given b y ,  



Note: Contours show incremental suspended 
. s u l f a t e  (504) concentrat ion (ugIm3) averaged 

over one month due t o  a hypo the t i ca l  t a l l  
stack source e m i t t i n g  one mi 11 i o n  m e t r i c  tons 
per  year  o f  S02, loca ted  i n  Ohio (AQCR #183, 
"Zanesvi 1 l e " ) .  Meteoro log ica l  data are f o r  
the month o f  January 1974. Concentrat ions 
based on ca lcu la t ions  w i t h  Brookhaven Nat ional  
Laboratory AIRSOX model. 



Note: Contours show incremental  average 
s u l f a t e  (SO4) concentrat ions (pglm3) 
expected i n  New York met ropo l i t an  area 
(AQCR $43 )  f o r  a s i n g l e  source loca ted  
i n  v i c i n i t y  of t h e  contour e m i t t i n g  one 
m i l l i o r  m e t r i c  tons o f  SO2 per  y e a r .  
Concentrations a r e  a one-month average 
based cn Jsnuary 1974 meteorology. 



where: 

Vi = measure  of susceptibility t o  impac t  of receptor  region i 
C i  = pollutant concentra t ion in receptor  region i I 

Ej = pollutant emissions from e m i t t e r  region j 
T. .- 

IJ- 
t ranspor t  potent ia l . f rom e m i t t e r  j t o  receptor  i 

The uti l i ty of a mat r ix  formulation is tha t  one can rearrange th is  
formula  in t e r m s  o f t  a potential  impact  measure  per unit of emissions, o j , as 
f ollowsi € 

f 

where  

In this f o r m ,  one is ab le  t o  directly express impact  everywhere in t h e  
conterminous United S t a t e s  due t o  unit emissions in any region (j). 

Measures of susceptibility t o  pollution damage a r e  s t i l l  a controversial  
subject;  the re fore ,  f e w  generally accep ted  measures a r e  available. Mapping 

, 

of crops and ecosystems susceptible t o  damage is under development at 
Argonne and Oak Ridge National Laboratories. 

Population Exposure Potent ia l  

Human health damage is difficult  t o  quantify due t o  t h e  uncer ta inty  of 
human response t o  pollutant dosage. One can use population as t h e  measure  
of susceptibil i ty (Vi) in t h e  equation above,  in which case o j becomes a 
measure  of population exposure potential." 

For each region viewed as an e m i t t e r ,  one  can def ine  a single number 
( ra the r  than a row or column) t h a t  represents i t s  nationwide potential  f o r  
exposing human population to pollution. For a se lected region,  t h e  
curresponding T-matr ix  column is multiplied e lement  by ~ l ~ m e n t  by the 
populations of t h e  regions. These products a r e  then summed t o  one number 
( 0  j): 

* The population exposure potential  concept  was developed by M.D. Rowe 
of Brookhaven National Laboratory using t h e  Brookhaven parent tnodel 

.  owe, 1980) ra the r  than t h e  mat r ix  method. 



. - 
where  

= exposure potential  for  jth region 
$i = population in i th region 
Tij = t ranspor t  f rom jth t o  ith region . '  
Regions having high , ~ j  values would tend , t o  be bad locations fo r  

increased emissions insofar as this measure  is concerned. If increased 
. emissions a r e  necessary ,  t h e  implication is t h a t  they should be locat& in 

regions with low exposure* potential. Because t h e r e  is one value for  each 
region,  exposure potentials  can be summarized for al l  regions in one' map. 
Figure 3-3 i l lus t ra tes  t h e  potential  for a single pollutant;  sulfates.  This 
f igure  shows s t rong local  maxima near population centers. ,  especially Los 
Angeles and New York. This occurs because t h e  urban exposure potentials  
a r e  mat r ix  products of t h e  large  urban population values and high local  
( intraregional)  su l fa te  t ranspor t  values. The high intraregional t ranspor t  
values indicate  t h a t  s o m e  sulfa tes  tend t o  be produced close t o  t h e  emission 
sources (generally near  urban cen te r s )  and a f f e c t  . thei r  immedia te  locality. 
I t  is also t r u e ,  however,  t h a t  SI-llfates a r e ,  t ranspor ted fu r the r  downwind than 
 SO^,' parrly because of t h e  co'ntinuing generation of sul fa tes  as t h e  SO2 
migrates.  

3.4.2 ~ ~ k , o n a l  Population Exposure 

This measure  (NPE) i s  t h e  sum of products formed b;r multiplying. t h e  
, concentra t ions  predicted for  each region by t h e  population in t h a t  region. I t  

c a n  also be viewed as t h e  sum of population exposure potential  t imes  . 
emissions over al l  emi t t ing  regions: 

National population exposure is a single,  aggregate  measure  of consequences 
t h a t  may be useful in judging t h e  re la t ive  e f f e c t s  of policy alternatives.  



Note: Contours show t h e  i n t e g r a t e d  U.S. 
popu la t ion  exposure (sum over  number o f  
persons exposed t o  each va lue of monthly 
average s u l f a t e  concen t ra t ion  throughout  
cont iguous U.S.) p r e d i c t e d  f o r  a hypo- 
t h e t i c a l  source o f  SO2 emissions l o c a t e d  
i n  v i c i n i t y  o f  contour .  U n i t s  a r e  person- 
~ g / m 3  of SO4 per  t o n l y e a r  o f  502 e m i t t e d  
( J u l y  1974 meteorology). 



4. APPLICATION OF THE MATRIX METHOD 

4.1 LONG-RANGE TRANSPORT STUDIES 

The mat r ix  method has been emphasized as a -  pract ica l  tool  for  f a s t  
response policy analysis support. Several  analyses have been conducted 
making pract ica l  use of the  matrices. Summaries of two  studies conducted 
in  May 1980 a r e  presented in t h e  nex t  two  sections as illustrations of some 
applications of this method. 

General ly ,  how t h e  matr ices  a r e  used and which measures a r e  computed 
depends on t h e  requirements of t h e  study and on what questions a r e  asked. 
The t w o  studies presented use only t h e  most straightforward applications of 
t h e  matr ix  methodology. 

4:2 STUDY NO. I: CONTRIBUTIONS O F  LONG-RANGE TRANSPORT TO 
NONATTAINMENT O F  AIR QUALITY STANDARDS 

This analysis was part of eul assessrneii~t 01 l u r ~ g - r a ~ . ~ g e  ttar~spurt issues. 
I t  quantif ies t h e  amount  of pollution caused by local  sources versus sources 
outs ide  local  AQCRs for  a region in Ohio, Pennsylvania, and West Virginia 
t h a t  has a history of a i r  pollution problems. Because t h e  purpose is t o  get  
a n  approximation t o  t h e  e f f e c t s  of local  versus imported pollution, only t h e  
predicted concentra t ions  a r e  needed from t h e  mat r ix  method. 

Many of t h e  pollutants and e f f e c t s  involved in long-range transport  a r e  
no t  current ly  regulated by t h e  National Ambient Air Quali ty Standards 
( NAAQS). However,  for several  pollutants, . t ranspor t  is substantial  enough 
at moderate  distances (100 km or so) t o  contr ibute  concentrations tha t  a r e  
at leas t  a significant f ract ion of t h e  ambient  standards. Where this 
t ranspor t  occurs  across AQCR and state boundaries, legal ,  regula tory ,  and 
insti tutional issues a r e  engendered. 

The gases sulfur dioxide and ozone appear t o  cause  t h e  most obvious 
long-range t ranspor t  problems, but violation of par t icula te  (TSP) standards 
a lso  may be exacerbated by long-range transport .  

Identification of t h e  role  of long-range t ranspor t  in a r e a s  experiencing 
nonat ta inment  problems is of ten difficult  because of a lack of reliable 
regional sca le  models and/or insufficient observed data. Many of t h e  
problem a r e a s  occur in or near industrialized a r e a s  of t h e  northeastern 
Uni ted S t a t e s ,  where a multiplicity of local  and distant  emission sources 
confuses t h e  identif ication problem. However, as state governments and 
local  in teres ts  become more aware  of t h e  external  impacts  on their  
environment and economic growth,  increased a t t en t ion  and analysis is being 
focused on identifying t h e  causes of their  local problems. 

Sulfur Dioxide 

  on attainment problems occur for sulfur dioxide in about  49 di f ferent  
counties in t h e  United S ta tes ,  although of ten in only a small  portion of t h e  



t o t a l  area.  Many of t h e  cases appear t o  be due t o  local  e f f e c t s  of a large  
source ,  such as a primary meta l  smel ter  or  a collection of sources in a 
poorly venti lated area.  In a f e w  par ts  of t h e  nor theastern  United S ta tes ,  
however,  . t h e r e  appears t o  be substantial  transport  across AQCR and s t a t e  
boundaries. Local sources and long-range transport  combine to provide high 
values of SO2 as well as of sulfates. 

A pr ime example  of in te r s ta te  SO2 t ranspor t  problems is t h e  t r i - s t a te  
a r e a  of eas tern  Ohio, western Pennsylvania, and northern West Virginia. 
Nonattainment a reas  fo r  SO2 have been declared in portions of Inany of t h e  
AQCRs within this region, as indicated in ' Table 4- 1. Both annual and 
shor t - term standards a r e  violated in this region,  although more  of ten t h e  
la t ter .  

Long-range transport  matr ices  cannot  describe t h e  shor t - term s i tuat ion,  
but iinalysis of monthly average values gives important  clues about t h e  
degree  of transport. Table 4-1 l ists  results  for several  AQCRs in th is  region 
derived by applying two  monthly average mat r i ces  t o  a national SO2 emission 
vector.  The emission es t imate  is for  1975 and t h e  meteorological  d a t a  a r e  
fo r  January and July 1974. The average  calcula ted concentrations for  t h e  
t w o  months can be compared with observed annual average values for t h e  
years  1974 and 1975. The model calculations provide separa te  es t imates  of 
t h e  imported and local contributions t o  t h e  concentration.  

Model calculations in Table 4-1 indicate t h a t  imported SO2 makes  a 
substant ia l  contribution t o  to ta l  SO2 concentrations even in a r e a s  with high 
emissions. These figures suggest tha t  imports a r e  ab le  t o  t i p  t h e  balance to 
nonat ta inment  when combined with high local  emissions. However,  in t h e  
t w o  regions in West Virginia with low emissions, to ta l  concentrations were  
modera te  and the re  were' no recorded violations. Generally speaking,  t h e  
proportions of imported concentration calculated may be  expected t o  be more  
applicable t o  violations of the  annual SO2 s tandard than t h e  24-hour 
standard.  

4.2.2 Sulf a te /TSP 

Calculated SO4 levels show an  even larger proportion of imported ver- 
sus  local  contribution because of t h e  lag t i m e  in their  formation. 
Imports account  for more  than two-thirds of t h e  concentration in th is  
region,  even in AQCRs having. t h e  highest emissions. As t h e  wind flow 
changes direction,  f rom one period t o  ano ther ,  d i f ferent  regions may 
exchange roles a s  e m i t t e r s  and receptors.  Although regions with no 
emissions show some concentrations due t o  impor t ,  they did not approach 
nonat ta inment  status. 

The maximum predicted to ta l  level  of SO4 found here  was 27 pg/m3 
but values 01 .the imported component were  all in t h e  16 t o  20 vg/m 3 
range. This suggests tha t  imported sul fa te  alone would account  for one- third 
and one-fourth of the  annual TSP secondary and primary s tandards  (60 ug/m3 
and SO IJ g/m3), reipectively.  Of course ,  long-range t ranspor t  of n i t r a tes ,  
organics,  and emi t t ed  f ine  part iculates must be added t o  sul fa tes  t o  cap ture  
t h e  full e f f p c t  of long-range transport  on TSP. 



Tab" 4-1. Import . o f  Sul Bur I n t o  Areas i n Ohio, Pennsyl vani 3 ,  and West V i r g i n i a  

I )Cam (S ta te l  

174 6r. Met. Cleveland (Ohlo) 

183 Zanesvl 1 le-Canbridge (Ohio) 

179 Parkesburg-Marietta (Ohio) 
Q\ 

181 Steubtnvl Ile-Weirton-HReel Ing 
(Ohio-W. Vlr)  

178 N.W. Perm. - Youngstm, (Ohlo-Penn. ) 

197 S.W. Pennsylvania 

195 Central Pe?nsylvan!a 

233 Eastern Panhandle (U. Vir.) 

235 N. Central U. V i y .  

232 Central W. V l r .  

Em1.s~ 1 onf 
(1.000 Tons:l 

Nona t t a i  nmen t 
Status For 

SO (as. 
or 3-79) 

Nona t t a  1 nmen t 

Nona t t a i  nment 

Nonattalnment 

Nonattatnment 

Nona t t a l  nment 

Nonattalnment 

Nona t t a  Inment 

O.K. 

O.K. 

O.K. 

Annual Avg. 
Observed 

56 57 

~ a l c u l a  ted Concentra tlons : AQCR Average 
Tor 2 Wonths (January I 

Meteorological Data 
so9 

a 

.st 

44 

47 

Total 

22 

22 

21 

Local 

36 

16 

19 

L ocal 

06 

02 

03 

Import 

16 

. 28 

27 

Imrt 

16 

20 

'18 



Cavea t s  

Caution is advised in in terpret ing t h e  values in Table 4-1 due t o  a 
number of technical  l imitations of t h e  model and t h e  f a c t  t h a t  only two  
months  of meteorology have been utilized. Fur the rmore ,  one  should .not con- 
clude t h a t  imports will contr ibute  t h e  s a m e  fract ional  amount t o  shor t - term 
concentra t ion maxima as found here  fo r  monthly averages.  

4.3 STUDY NO. 2: EFFECTS O F  INCREASED SO2 EMISSIONS DUE TO 
CONVERSION FROM OIL.  TO COAL 

This analysis.  addressed questions generated f rom d r a f t  legislation pro- 
posing' tha t  a number of powerplants convert  f rom oil t o  coal. Rough esti-  
m a t e s  of t h e  increases in SO2 t h a t  would resul t  for each powerplant were  
e x t r a c t e d  f rom informal Environmental Protect ion Agency analyses,  and t h e  
increases were  assigned t o  t h e  ,AQCRs w h e r e '  t h e  powerplants a r e  located.  
Proposed policies and emission es t imates  a r e  subject  t o  change,  and t h e  
emissions es t imates  used here  subsequently changed with evolving legislat ive 
proposals. The important  point was to. obtain rough es t imates  of potential  
consequences quickly. 

Calculations were  made  of SO2 and SO4 concentra t ions  by AQCR, p o p  
ulation exposures by AQCR , and national averages .  Because these  measures 
a r e  linear with respect  t o  emissions, an  e s t i m a t e  of t h e  e f f e c t  due t o  
increased ' emissions can.. be computed di rect ly  by multiplying appropr ia te  
mat r i ces  by t h e  emission change vector. It is not necessary t o  predict what 
t h e  t o t a l  emissions will be with and 'wi thout  t h e  changes. 

. . .. 
4.3.1 Overview 

Preliminary Environmental Protect ion Agency . estirn ates of increased 
SO2 emissions due t o  the  oil backout init iat ive have been analyzed with t h e  
a id  of Brookhaven's sulfur long-range t ranspor t  matrices.  R.esul ts indicate  
t h a t  changes in monthly average concentrations of SO2 and SO4 averaged 
over AQCRs will amount t o  a s ,  much as 3 ug/m3 of SO2 and less than I 
vg/m3 of SO4. National population exposure over t h e  United S ta tes  is esti- 
m a t e d  t o  increase  by 9 1  x 106 person- ug/m3 of SO2 and 22 x 106 person- 
ug/m3 of SO4.s Almost half of t h e  SO2 population exposure and one-third 
of t h e  SO4 population exposure occurs in t h e  New . York/New Jersey/  
Connect icut  AQCR ( //43). The percent increase  in SO2 population exposure 
i s  a lmost  double t h e  percent  increase  in SO2 emissions. (This results f rom 
t h e  predominantly urban locations for t h e  converted plants.) The percent in- 
c r e a s e  in SO4 exposure is about equal t o  t h e  SO2 emission increase. 

The geographic distribution of concentration i r~crements  shows t h e  
lar.gest percentage increases ,  re la t ive  t o  the  1975 baseline,  in urban a r e a s  
ra the r  than rural  a reas  where. ecological resources a r e  at risk (e.g., New 

* National population exposure is t h e  sum of population t imes  concentra- 
t ion over al l  regions. This measure  is described.  furt'her in Section 
3.4.2. 



England and upper New York S ta te ) .  In t h e  absence of reliable dose- 
response function for  human health and ecological damage and of acid 
deposition predictions,  it is not possible t o  infer t h e  magnitudes of health or  
ecological  damages. One  can only say  t h a t  t h e  e f f e c t  of these  conversion- 
re la ted  emissions is more  skewed toward urban SO2 levels than a r e  average 
( 1975 base c a s e )  emissions. 

Ambient Impacts  

A s imple  analysis of ambient  a i r  quality impacts  of increased sulfur 
dioxide emissions has been made  fo r  t h e  uti l i ty oil conversion issue. The 
analysis is based on unofficial Environmental Protect ion Agency es t imates  of 
increased SO2 due  t o  t h e  oil backout initiative. ~ l t o g e t h e r ,  345,000 
tons/yr of emissions in 21  a i r  quali ty control  regions a r e  involved. 

< 

For this  analysis, e m i ~ c i o n s  from the  plants were aggregated to totals .  
far t l ~ e i r  respecrlve HVCKs ( see  'I'able 4-2). This vector  of emissions was 
multiplied by t h e  a i r  t ranspor t  mat r i ces  developed by Brookhaven National 
Laboratory  with thei r  AlP.SOX model, Matrices t1.ra.t glve morithly concentra- 
t ion averages  based on meteorological  d a t a  f rom July  1974 and January 1974 
w e r e  used. 

The results  of the  mat r ix  t ranspor t  analysis a r e  shown in Table  4-2. 
Incremental ,  population-weighted concentrations for  a January and July  
2-month average  a r e  shown fo r  both SO2 and SO4. Values a r e  shown for  t h e  
21 AQCRs t h a t  had non-zero emissions and fo r  o the r  AQCRs tha t  showed 
substant ia l  concentra t ions  and/or population exposure values. Note  t h a t  t h e  
highest  concentrations were  about  3 ug/m3 fo r  SO2 and  0.5 uglm3 fo r  SO$. 
These SO2 and SO4 values a r e  smal l  compared with annual primary and 
secondary s tandards  for  SO2 and TSP, respect ively ,  and with typical  
observed annual maximum values of SO4 of 10 t o  20 ug/m3. The primary 
annual  standard fo r  SO2 is  8 0  ug/m3. The primary and secondary annual 
s tandards  fo r  TSP a r e  75 and 60 1j,3/m3, respectively. Sulfa tes ,  of course ,  
a r e  only one  small  component of TSP. Inng*range t ranspor t  will add Ii~ie 
par t icula te  n i t r a t e s ,  organics ,  and emi t t ed  f ine  part iculates t o  local  f ine  and 
coarse  part iculates.  Allocable increments  under Prevention of Significant 
Deter iora t ion (PSD) regulations for annual .SO2 averages  a r e  2,  20, and 40 
ug/m3 fo r  Classes I ,  I1 and 111, respecti;ely. 

Several a reas  have SO2 concentra t ions  g rea te r  than PSD Class I incre- 
m e n t s ,  but do not  conta in  Class I areas .  The increases would use 10 t o  15 
percen t  of t h e  Class I1 increment  in a few areas.  Increases in SO4 a r e  
re la t ively  smal l  ( 5  t o  10 percen t )  cornpared with t h e  prevailing annual values 
in  t h e  nor theastern  United Sta tes .  In t h e  upper New York State a r e a  
(AQcK i1 159 and /1158), increases  a r e  of t h e  order of 0.10 t o  0.15 ug/m3, 
o r  about  1 t o  2 percent  of current ly  observed values. This suggests t h a t  
ac id  ra in  e f f e c t s  would not be unusually impor tan t ,  i.e., not  ou t  of propor- 
t ion t o  the  re la t ive  increase  in t o t a l  U.S. emissions and not large  in absolute 
magnitude.  



Fede r a  1 
Region 

I 1  I - I V  
I v 
I v 
I v 
I v 
I v 
v 
v 

v I 
VI I 

Table 4-2. Selected Impacts of Incremental Sulfur Emissions 

Emissions o f  SO 
Name - 11,000 tons/year 

East. CONN. 0.61 
Hartford/NewHaven/Spring. 10.54 
N.W. CONN. 0.00 
Metro. Boston 2.72 
Metro. Providence 7.74 
Merrimack Valley-S.N.H. 6.80 
N.J./N.Y./CONN. 56.66 
Cent. N.Y. 4.80 
Champlain Val l e y  0.00 
Hudson Val 1 ey 16.00 
Metro. Ph i lade lph ia  12.67 
Southern Delaware 0.00 
Nat iona l  Cap i ta l  2.07 
Eastern Shore 0.00 
Metro. Ba l t imore  22.52 
Southern Md. 0.00 
S.W. PENNA. 0.00 
Hampton Roads 21.95 
N.W. VA. 0.00 
S t a t e  Cap i to l  ( V A .  ) 33.16 
Hunt .-Ash1 and-Port l and  3.90 
Metro. Memphis 0.00 
Jacksonvi 1 le/Brunswick 0.06 . 
West. Cent. F l o r i d a  15.77 
Savannah-Beaufort 0.37 
Western TENN. 0.00 
N.E. Ind iana  13.41 
Metro. D e t r o i t  11.89 
N. E. Arkansas 76.35 
Metro. Kansas C i t y  25.00 

Annual Average Base 
Ambient Concentrat ion 

o f  SO? (uq/m3) i n  1975* 

16 
3 1 
26 
23 
24 
3 3 
40 
2 5 
28 
40 
37 
3 

17 
13 
2 0 
8 

70 
2 3 
13 
2 2 
14 
22 
13 
14 

Average Concentrat ion Increases 

5 9  % 
0.72 0.21 
0.84 0.21 
0.53 0.17 
0.59 0'. 17 
0.61 0.19 
0.41 0.15 
2.69 0.42 
0.25 0.13 
0.07 0.09 
0.60 0.18 
0.74 0.23 
0.51 0.25 
0.58 0.23 
0.60 . 0.24 
1.41 0.31 
0.39 0.23 
0.03 0.07 
1.74 0.35 
0.46 0.20 
2.15 0.37 
0.12 0.09 
1.35 0.39 
0.05 0.06 
0.78 0.14 
0.02 0.05 
0.80 0.26 
0.89 0.17 
0.45 0.12 
1.47 0.38 
1.14 0.17 

TOTAL 344.99 U .S. TOTAL 

P o ~ u l  a t i o n  E X D O S U ~ ~  

* Ambient values ~ e p r e s e n t  averages over  31 1 popu la t ion -o r ien ted  moni tors  i n  AQCR; v i o l a t i o n s  n o t  necessar i l y  r e f l e c t e d .  



I t  is noteworthy t h a t  several  AQCRs with no emissions show substantial  
values on t h e  order of 1 ug/m3 of S02.  The worst  such c a s e ' i s  metropoli tan 
Memphis with 1.6 ug/m3 in January  and 1.4 for t h e  two  months. The overall 
highest  SO2 values occur  in t h e  .metropolitan New York C i t y  AQCR ' (/,,43, 
New Jersey/New York/Connecticut  1, 3 vg/m in January and 2.7 overall.  
This region alone accounts  for a lmost  half of t h e  to ta l  SO2 population expo- 
s u r e  due t o  t h e  init iat ive.  In this region,  t h e  contribution t o  SO2 from 
interregional t ranspor t  i s  0.42 ug/rn3, o r  14 percent  in January and 10 per- 
c e n t  in July. 

For su l fa te ,  incremental  concentrations a r e  widespread at about 
0.33 1.i~/m3, reaching t h e  hi hes t  values again in t h e  New York C i t y  a r e a  B (AQCR //43) at 0.42 ug/m , in t h e  Virginia S t a t e  capi ta l  a r e a  (0.47 in  
January) ,  Memphis, Tennessee (0.49 in  Ju ly ) ,  and nor theastern  Arkansas 
(0.47 in  ~ u l y ) .  The New York C i t y  a r e a  accounts for  one-.third of to ta l  U.S. 
population exposure to su l fa te  ( 6  x lo6 person- ug/m3) due to the initiative 
en.rissions. A ~ o u ~  24 percent  of this is due t o  imports  t o  this region. Values 
of SO4 comparable  t o  those  in t h e  emi t t ing  regions (0.1 t o  0.3 vg/m3) occur  
in  a number of nonemitt ing regions, such as in Maryland, Delaware ,  
Tennessee,  ar~d parrs Af New ~ n ~ l a n d  and t h e  Midwest. 

Total  population exposure is also calculated.  This represents t h e  sum 
over  t h e  whole United S t a t e s  of number of persons t imes  average pollutant 
level  in each area .  .The incremental  values due t o  t h e  oil backout init iat ive 
a r e  80 million person- ug/m3 fo r  SO2 and 22 million for  SO4. These values 
m a y  be compared with t h e  calcula ted U.S. t o t a l s  for t h e  1975 base case, 
which a r e  3580 million person- ug/m3 for  SO2 and 1730 million for  504 .  
Thus,  init iat ive emissions, which a r e  about  1.3 percent  'of t h e  1975 t o t a l ,  
produce 2.2 pe rcen t  of 1975 S02. population exposure and 1.3 percent  of 1975 
SO4 exposure. Hence ,  init iat ive emissions a r e  m o r e  e f fec t ive  in exposing 
people t o  S 0 2 '  and a r e  average in exposing people t o  504 .  

4.3.3 Cavea t s  

Population exposure,  as calcula ted here ,  i s  a linear measure  of dose 
t h a t  is thought t o  be significant for  long- term,  cumulative health effects .  
Acu te  e f fec t s  should be analyzed in t e r m s  of peak concentrations t o  which 
population groups a r e  exposed,  usually at a microscale level. The model 
used here  cannot  e s t i m a t e  peak concentra t ion values occuring .over shor t  t i m e  
in tervals  and small-scale spatial  regions. The spatial ly and t em porally 
averaged concentration values es t imated  here  wi l l underes t imate  such pcnk 
values systematically.  The concentration increments  cannot be used t o  esti- 
m a t e  regulatory violations. 

Est imates  uf urban su l fa te  levels ,  d ~ i d  Iience of population exposure t o  
s u l f a t e ,  a r e  likely t o  be underestimated.  The RNL model assumed a con- 
s t a n t  SO2 t o  SO4 t ransformat ion r a t e ,  which usually is an underes t imate  for 
urban a reas  in which high oxidant levels great ly  increase  transformations.  
There fore ,  i t  is likely t h a t  ac tua l  SO4 exposure is larger. Althn~rgh base 
case SO4 exposure is  based on th is  model ,  t h e  distribution of init iat ive emis- 
sions is more  urban,  which suggests t h a t  ac tua l  SO4 exposure might be o u t  
of proportion t o  emissions. 



5. LONG-RANGE TRANSPORT MATRIX METHODOLOGY 

5.1 MATRIX REPRESENTATION O F  LONG-RANGE TRANSPORT 

5.1.1 Matrix Equation 

The advantages of a mat r ix  representation of long-range transport  
models,  as indicated in .Section 2,  led OEA, with t h e  assistance of BNL and 
PNL, t o  develop a mat r ix  analysis '  capability. These mat r i ces  are derived 
f rom t h e  Lagrangian t ra jec to ry  models at BNL and PNL a n d ,  the re fore ,  a r e  
subject  t o  any l imitations inherent ' in those  models. General  descriptions of 
those .  models can be found la te r  in this section; detailed mathemat ica l  
descriptions may be found in Appendixes B and C. 

The basic computational concept  is tha t  t h e  spat ia l  and temporal  
average concentrations ( ~ ( t ) ~ )  in a geographic region ( i )  depend linearly on 
t h e  emission r a t e  from this and every o ther  region,  o r  

k 
where E j  ( t )  i s  t h e  average emission r a t e  of t h e  prec  rsor pollutant f rom 1 source category k in region j during period t and T,] i s  t h e  t ranspor t  
coeff ic ient  ca lcula ted by t h e  model for  t ranspor t  f rom region j t o  region i 
f o r  sources of type  k. Three types  of sources (k)  a r e  distinguished 
according t o  thei r  average e f fec t ive  s t a c k  heights: uti l i ty (200 m e f fec t ive  
s t a c k  height) ,  industrial (100 m ) ,  and a r e a  (20 m). 

5.1.2 Spatial Units 

Because the  basic purpose of this mat r ix  method is t o  permit  
modification of emission scenar ios ,  t h e  mat r ix  should .permit  specification of 
a set or vector of emission s t rengths  at t h e  level  of deta i l  predicted in 
assessment scenarios. Many OEA scenarios have been projected at t h e  level  
of air  quality control  rcginns,* so this spatial  unit of aggregation was chosen 
for  description of emission sources. Other  spatial  units a r e  possible, 
including t h e  original plant source points f rom which many t ra jector ies  a r e  
calculated.  However,  t h a t  approach requires new t ra jector ies  t o  be 
calcula ted when new plant s i tes  a r e  added for  any scenar io  if a consistent  
level  of resolution is t o  be retained.  Fur thermore,  i t  is impract ical  t o  
obta in  specif ic  s i t e  level  d a t a  and calcula te  t ra jector ies  for  al l  important 
sources ,  such as t h e  large  n u m k r  of industrial combustion sources. 
Aggregation of emissions t o  the  AQCR level is more  practical  and consistent  - .  

with available emission d a t a  

* There a r e  247 aik quality control  regions in t h e  United S t a t e s ,  but only 
238 a r e  in t h e  conterminous states. 



such as  t h e  Environmental Protect ion Agency's National Emission D a t a  in- 
ventory. However,  coeff ic ients  for individual plant s i tes  may st i l l  be of 
in te res t  in s o m e  cases, and isolated cases  have been studied in several  OEA 
analyses. 

At  t h e  receptor  end,  an  appropr ia te  spat ia l  unit should be consistent  
with the  resolution available f rom the  a i r  t ranspor t  model t o  be used and 
wi th  the  type  o f '  air  quality analyses t o  be performed. The RNL and PNL 
a i r  transport  models record concentrations on a regular grid spaced about  32 
t o  38 kilometers. This spacing is generally too  large  for  counties,  but 
adequa te  for  most  a i r  quality control  regions. AQCRs a r e  also more  con- 
venient because they a r e  usually air  quality planning units and a r e  .much 
f e w e r  in number.- 

An additional consideration in selection nf spatial  units ic t h a t  sf 
s y m m e t r y -  between sol.!rce and receptor  units. Using tile s a m e  units for  both 
resul ts  in a "square" mat r ix ,  which has several  advantages. Fi rs t ,  i t  pro- 
vides a c lear  in terpreta t ion of influence of each e m i t t e r  region on oach 
r r c e p r o r  region. Second, i t  permits se lect ive  replacement  of t h e  diagonal, 
intraregional t ranspor t  coefficient  with a l ternat ive  es t imates  for  intraregional 
e f fec t s .  

For t h e  above reasons,  AQCRs were  se lected as t h e  smallest  spatial  
unit of aggregation fo r  both source and receptor  classifications. Aggregated 
mat r i ces  at t h e  state and Federal  region levels have also been generated.  

Theoretical  Basis 

An ideal  a i r  quality mode! for applied use in assessment and policy 
analysis arguably would be one t h a t  predicts air  quality based solely on in- 
put  of the  variables subject  t o  control  or  a f fec ted  by policies. These 
variables typically include emissions, perhaps t h e  location and height of re- 
l eases ,  and more  ra re ly ,  t h e  t iming and mix of pollutants released. Other  
variables not subject  t o  control ,  such as meteorology and uncontrolled pol- 
lu tan t s ,  would be fac to red  in to  t h e  model as constants  or probability distri- 
butions. As an example ,  if t h e  controllable variables a r e  t h e  magnitudes of 
emissions at several  locations,  E l ,  E2,  . . . En,  then t h e  des i red  results  
would be measures of ambient quality. For example ,  mean concentration 
(C) would be represented as a function of t h e  E values. 

The general  form of matr ix  representation is based on t h e  assumption 
t h a t  ce r ta in  s t a t i s t i ca l  measures,  usually expected values or  mean values, 
a r e .  l inear.  functions of a set of emission values, Matrices c i t ed  in this re- 
por t  represent  estiirlated rnean values for part icular months of historical 
meteorological  conditions. While these  ac tua l  months a r e  useful in validating 
o r  comparing against  observed d a t a ,  t h e  goal for fu tu re  assessment purposes 
would be matr ices  tha t  represented expected values for  periods of t i m e  in 
t h e  future.  (Expected annual average ,  expected monthly average for  any 
Ju ly ,  etc.). It would also be useful t o  have predictions of t h e  f luctuations 
abou t  this mean value,  such as the  standard deviation about t h e  mean. 
However ,  such measures a r e  not necessarily expected t o  be representable as 
l inear  functions of t h e .  E values. 



A fundamental  question in developing mat r ix  approaches is t h e  
following: for which pollutants, impac t  measures,  and emission descriptions 
is t h e  linear representation a valid approximation? More generally,  air 
quali ty management s t ra tegy requires an understanding of t h e  dependence of 
pollution management  objectives on t h e  controlled variables. Photochemical  
oxidant levels, for example ,  a r e  predicted t o  vary as a nonlinear function of 
both NOx and hydrocarbon emissions. Hence,  a l inear .  representation of 
oxidant formation could be  very misleading .(al though even in this case 
lineari ty might b e  a suitable approximation for hydrocarbon variations in a 
l imited range when NOx is held constant) .  

Air t ranspor t  processes tend t o  be  linear at t h e  microscopic level ,  in 
t e r m s  of pollutant concentra t ions ,  when concentrations a r e  not too large  and 
t h e r e  a r e  no reactions among constituents. However,  a tmospher ic  trans- 
format ion and deposition processes of a given pollutant proceed at r a t e s  t h a t  
depend on values of. a tmospher ic  variables and concentrations,  of o ther  
pollutants. They may also vary nonlinearly with t h e  concentra t ion of t h e  
given pollutant. The dependence on a tmospher ic  variables and other  
pollutants does not  necessarily introduce nonlinearity in to  t h e  overall 
s t a t i s t i ca l  description (although matr ix  coeff ic ients  might then depend on t h e  
general  l eve l s .  of o ther  pollutants) ,  but processes t h a t  a r e  nonlinear in t h e  
given pollutant tend t o  invalidate a matr ix  representation.  An evaluation of 
t h e  e f f e c t  of nonlinear processes on t h e  overall functional dependence 
requires detailed consideration of processes and of t h e  s t a t i s t i ca l  correlations 
among pollutant levels and sources. 

The BNL and PNL long-range t ranspor t  models used in generating t h e  
present matr ices  a r e  linear in their  representation of all processes. Hence,  
t h e r e  is no loss in representing their  results  linearly as f a r  as processes a r e  
concerned. Sulfa te  might depend nonlinearly on SO2 concentra t ions ,  but a 
regional study of correlations among S 0 2 ,  SO4, and TSP showed no c lear  
preference for th is  (Meyers and Ziegler,  1978). 

The long-term, regionwide spat ia l  and temporal  averages  a r e  likely t o  
vary approximately linearly with emissions. Ex t reme values such as t h e  
worst-case stat ion values or shor t - term temporal  maximum values usually a r e  

. not simply addit ive with respect  t o  emissions; hence,  linear representation 
would not  be justified. 

The transport  matr ices  (Tij)  depend on t h e  detailed source distributions 
t h a t  produce Ej. Important changes in t h e  value of Tij with changes in 

. source  distr ibubon would be expected mainly for intrareglonal and adjacent  
region relationships (i.e., for i = j or region i next  t o  region j). Problems 
a r e  expected t o  be  less serious for t h e  longer t e r m  (monthly and annual) 
t empora l  and broad regional averages  used in t h e  present method. 

5.1.4 Calculation of Matrices 

Matrices might be generated by any appropr ia te  model or by empirical  
methods. Analysis of observed d a t a  is unlikely t o  provide enough information 
t o  infer all of t h e  interregional contributions,  so long-range t ranspor t  models 



must  be used t o  e s t i m a t e  interregional coupling. BNL and PNL were  asked 
t o  genera te  mat r i ces  for SO2 and SO4 from thei r  models (PNL also 
developed mat r i ces  fo r  respirable part iculates) .  

It was initially contemplated t h a t  t h e  intraregional e f f e c t s  might not be 
well  resolved by t h e  long-range t ranspor t  models. Hence,  empirical  
methods using hybrid rollback models were  considered for generation of 
diagonal elements.  Initial tes t ing o f .  rollback concepts  for SO2 did not give 
good resul ts ,  at l eas t  with t h e  available 1974 empirical  d a t a  bases. A major 
problem is t h a t  t h e  position of the  monitoring s ta t ions  does not yield d a t a  
representa t ive  of the  AQCR average.  Further tes t ing and analysis and use 
of l a te r  d a t a  may  improve th is  for S02.  Sufficient d a t a  do not exist  t o  use 
t h e  rollbac'k method for  f ine  par t icula tes ,  while SO4 d a t a  require fur ther  . 

examination,  J-fence, current  matr ix  calculations a r e  based or1 diagonal 
coeff ic ients  derived f rom the  long-range t ranspor t  rnndels with the  off.- 
diagonal terms. 

5.2 MATRIX GENERATION TECHNIQIJE 

5.2.1 General  

The f i r s t  ma t r i ces  were  generated by calculating concentrations of SO2 
and  SO4 with BNL1s AIRSOX model. Values a r e  calculated at grid points of 
abou t  32 km spacing across  t h e  conterminous United S ta tes  and surrounding 
a r e a s  based on t ranspor t  t ra jector ies  from a set of sources in one AQCR. 
One  month of meteorological  da ta  at a t i m e  is used for computing wind 
t ra jec to r ies  and precipitat ion,  and t h e  average concentrations for  t h a t  month 
a r e  recorded. Grid point values a r e  in terpola ted,  mapped onto  a polygon of 
count ies ,  and then aggregated t o  form AQCIi averages.  Concentrations a r e  
normalized t o  unit emissions f rom t h e  AQCR source ,  resulting in one column 
of t h e  mat r ix  Ti-. Repeti t ion for o ther  source a reas  yields one 238 x 238 
m a t r i x  each for  do2 and  SOB In t h e  county-to-AQCR aggregat ion,  - - counties 
a r e  weighted e i ther  by a r e a  or by the i r  population t o  form two classes of 
matr ices .  (Dlff e r e n t  weightings a r e  useful for  d i f ferent  types of impact  
analyses.) . 

Matrices have also been generated for  respirable par t icula tes ,  SO2, and 
SO4 by PNL with thei r  long-range t ranspor t  model. Their matr ix  generation 
procedure is similar t o  the  BNL procedure in principle, but streamlined t o  
reduce  computational e f f ~ r t .  Only onp znlarce category is assumed and 
a c t u a l  t ra jector ies  a r e  calcula ted for a smaller  number of source points. 
Resolution of source regions is obtained by generating addit ional ,  pscudo- 
source  points through a special  method of interpolation from t h e  calculated 
source  points (see Appendix c). 

Results  derived f rom matr ices  of this type  a r e  l imited in accuracy by 
t h e  assumptions of l inear i ty ,  t h e  constant  sub-AQCR source and receptor  
pa t t e rns ,  and  t h e  l imited spat ia l  resolution,  as well as by any l imitations of 
t h e  t ranspor t  models used t o  genera te  them. Use of meteorological d a t a  for  
spec i f i c  months  requires tha t  many additional months be examined t o  deter-  
mine t h e  degree  of validity achieved and t o  fo rmula te  s ta t is t ica l  probabilities 
f o r  fu tu re  concentration predictions. 



5.2.2 Model Comparison 

Matrices for  SO2 and SO4 were  generated by both BNL and PNL and 
include 2 months of meteorological  d a t a  in common for both models (January 
and  July 1974). Results f rom the,  two  methods a r e  found t o  differ  some- 
wha t ,  which may be  due t o  differences in t h e  parent model a lgor i thm,  
choice of pa ramete rs ,  and methods used t o  generate  t h e  matrices. The 
mat r ix  generation methods used by PNL were  chosen deliberately,  at DOE'S 
reques t ,  t o  reduce computer  requirements by reducing t h e  number of tra-  
jectories calculated.  Sensitivity t e s t s  were. performed by PNL t o  verify t h e  
accuracy 'of t h e  pseudo-source methods,  as described in Appendix C. 

In -addition t o  t h e  pseudo-source method for  calculating in termediate  
t r a jec to r ies ,  PNL also used a' simpler,  less real is t ic  distribution of sources 
than BNL used in thei r  uti l i ty matr ices  (PNL used a uniform 200-m s tack 
height). Fur ther  tes t ing of the.  e f f e c t  of intra-AQCR source pat terns  used 
in t h e  two  methods is planned t o  establish their  consequences on accuracy 
and resolution. 

The two  parent models also differ  in many respec t s ,  although both a r e  
of the  Lagrangian or t r a jec to ry  model type  .and use similar grid sizes. The 
following two  sections and Appendices B and C summarize  t h e  basic model 
algorithms and mat r ix  generation techniques. G r e a t e r  deta i l  of t h e '  parent  
models is given in model descriptions for BNL. AIRSOX (Meyers et al., 
1979a) and PNL (Powell et al., 1979a). Horizontal and vert ical  diffusion 
a r e  t r e a t e d  differently in t h e  models. Those differences make  i t  difficult t o  
compare  transformation and deposition paramete rs  d i rect ly ,  because thei r  
e f f e c t  is modified by the.  diffusion algorithms. 

Empirical comparison of predicted concentra t ions  of t h e  two  parent 
models,  made at a selected set of points, showed high correlation ( ~ 2 ~ 0 . 9 2 )  
fo r  both SO2 and S04. ,However ,  PNL values of SO4 were  about two-thirds 
of t h e  BNL values in magnitude. 

Comparison of matr ices  shows additional d i f ferences ,  which a r e  being 
investigated,  Sulfate t ranspor t  coeff ic ients  a r e  smaller  for PNL, especially 
t h e  diagonal ( intraregional)  t e r m ,  but p a t t e r n s '  of transport  a r e  similar. 
Figures 5-1 and 5-2 show typical  SO4 t ranspor t  patterns for a part icular 
source  calcula ted f rom BNL and PNL matr ices ,  respectively. These figures 
a r e  each derived f rom a column of t h e  mat r ix  corresponding t o  AQCR /I183 
as t h e  source region. 

The models differ significantly in thei r  individual transport  coefficients. 
Figure 5-3 i l lustrates a comparison of t h e  two  models1 intraregional 
(diagonal) SO2 coeff ic ients  In t h e  form of a s c a t t e r  diagram. There  is a 
sys temat ic  tendency toward higher values for BNL. A least-squares line 
forced through t h e  origin and f i t t ed  t o  this d a t a  gives an  R~ of 0.87 and a 
slope of 1.14. Thus, BNL matr ices  tend t o  predict  about  14 percent  larger 
local  impact  than t h e  PNL matrices.  In con t ras t ,  when t h e  predicted values 
of SO2 concentra t ions  a r e  compared,  using a 1975 SO7 - emission e s t i m a t e ,  



Note: Contours show incremental suspended 
su l fa t e  (SO4) concentration (pg/m3) averaged 
over one month due t o  a hypothetical t a l l  
stack source emitting one mi 11 ion metric tons 
per year of S02, located in  Ohio (AQCR #183, 
"Zanesvi l l e " )  . Meteorological data are  f o r  
the month o f  January 1974. Concentrations 
based on calculations with Brookhaven 
National Laboratory AIRSOX model. 



Note: Contours show incrementa l  suspended 
s u l f a t e  (SO4) concen t ra t ion  (1~glm3) averaged 
over one month due t o  a t i ypo the t i ca l  t a l l  
s tack source e m i t t i n g  .one mi 1 l i o n  m e t r i c  tons 
p e r  year  of S02, l o c a t e d  i n  Ohio (AQCR #183, 
."Zanesvi l l e " )  . Meteoro log ica l  data a r e  f o r  
t h e  month o f  January 1974. .Concentrat ions 
based on c a l c u l a t i o n s  w i t h  P a c i f i c  Northwest 

- Laboratory  a i r  t r a n s p o r t  model. 

FIGURE 5-2. PNL MODEL (SULFATE TRANSPORT' POTENTIAL) 
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FIGURE 5-3, BNL vs PNL INTRAREGIONAL TRANSP.ORT 



t h e  correlation between models is much b e t t e r ,  as shown in Figure 5-4. 
Calculation of a best f i t  t o  t h e  s c a t t e r  points gives a slo e equal t o  1.06 5 (i.e., BN.L predicts 6 percent  larger concentration.) and an  R of 0.925. 

Differences in model pat terns  and values can ar ise  due t o  parameter  
selection.  At t h e  present state of knowledge of a tmospher ic  processes and 
observed d a t a ,  i t  was not feasible t o  unambiguously cal ibra te  t h e  separa te  
pa ramete rs  for chemical  conversion and deposition of SO,. Ongoing studies 
with more  recen t  da ta  might improve this situation. 

BNL AIRSOX Model 

Brookhaven National Laboratory developed t h e  computer ized,  t ra jectory-  
based model,  Atmospheric Impact of Residual SOx (AIRSOX), primarily for 
use in calculating t h e  t ranspor t ,  diffusion, and transformation of sulfur 
oxides on regional and continental  scales. Sulfur dioxide and small  particu- 
l a tes  such as sulfa te  ( largely a secondary pollutant formed by a tmospher ic  
chemical  conversion) may  be carried by t h e  wind over distances of hundreds 
t o  thousands of kilometers before being deposited on t h e  surface.  Estimates 
of t h e  long-term average oxidation r a t e  for SO2 in t h e  a tmosphere  ranges 
f r o m  0.1 percent lhr  t o  about 2 percent lhr  (Calver t  et al., 1978; Beilke and 
Gravenhors t ,  1978). The removal of the  SO2 and SO4 m a y  be caused by t h e  
d r y  deposition process or precipitation scavenging. The mathemat ica l  model 
AIRSOX is capable of providing es t imates  of t h e  population- weighted concen- 
t ra t ions  of SO2 and SO4 occurring in t h e  conterminous United S ta tes  fo r  a 
specified emission inventory. 

a. Physical Processes 

To compute  t h e  concentra t ions .  of 5 0 2  and SO4, several  pert inent 
physical processes a r e  simulated; these  a r e ,  in general ,  a tmospher ic  trans- 
por t ,  diffusion , and transformation (oxidation,  surf ace removal ,  and precipi- 
tat ion).  , Figure 5-5 depic ts  how t h e  f a t e  of SO2 e m i t t e d  in to  t h e  atmos- 
phere  is a f fec ted  by these  physical processes. 

( 1) Atmospheric Transpor't 

The meteorological  d a t a  used in AIRSOX t o  compute  t h e  plume trajec- 
tor ies  a r e  obtained from t h e  National Oceanic  and Atmospheric Administra- 
tion and t h e  National Cen te r  for Atmospheric Research.  During t h e  t i m e  
period over which concentrations of SO2 and SO4 a r e  calcula ted,  puffs a r e  
e m i t t e d  every 6 hours represent ing t h e  emissions for t h a t  en t i re  period. The 
puff experiences different velocities due both t o  changes in t h e  wind field 
and its motion within t h e  field. Wind data a r e  updated every 6 hours. The 
direction and length of each segment  of t h e  puff's t r a jec to ry  a r e  determined 
by interpolation of the  observed upper a i r  winds at t h e  location of t h e  t ra-  
jectory segment  from a d a t a  se t  of approximately 80  s ta t ions  in and around 
t h e  United Sta tes .  
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FIGURE 5-4, BNL vs PNL PREDICTED SO2 CONCENTRATIONS 



t D i n w e  from Source - 



In t h e  model ca lcula t ion,  SO2 and SO4 a r e  assumed t o  be transported 
over  large  distances by t h e  average wind in t h e  mixing layer. The average 
w i n d z i n  the  mixing layer at each stat ion is computed from t h e '  observed 
winds '  l inearly weighted by height increments.  The average wind at a +- 
s t a t i o n ,  V m ,  can be expressed as 

where  k is the  vert ical  observation level ,  n is t h e  to ta l  number of obser'ved 
wind levels below t h e  mixing height for  t h a t  s t a t ion ,  and A Z  k is t h e  dif- 
f e r e n c e  in  height between adjacent  mixing levels. . 

The t ra jec to ry  segments  a r e  linked together  t o  form a complete  puff 
t ra jectory .  The f i r s t  segment  s t a r t s  from the  source  and each following seg- 
rr~erlt stg.r ts  fmn? the end point of the segment  before it.  Trajei.Lories 
t e rmina te  a f t e r  t h e  desired . duration (for example ,  120 hr ), or  when t h e  
specified c r i t e r i a  a r e  not m e t ,  for  example  lack of input wind d a t a  or tra-  
jectories extending beyond t h e  boundary of simulation. 

The t i a j e c t o r y  segment  (T,) i s  computed from the  observed winds using 
Hef f te r  and Taylor's technique (1975) as follows: 

-+ 
where  Ti = V i A t ,  i s  t h e  contribution of trajectol-y s e g ~ i ~ e r l t  Irom s ta t lon i 

vi is the  average wind at s ta t ion i 
A t  is t h e  segment  t i m e  interval  
f ( S i )  i s  t h e  dis tance weighting function 
f ( t l i )  i s  t h e  al ignment weighting function 

The t ra jec to ry  segment  contributions a r e  calcula ted using layer-averaged 
observed winds from stations within a' f ixed radius f rom t h e  segment  ori  in 5 (e.g., 300 nautical  miles). The distance weighting function is  f ( S i )  = l/S, , 
wllert! Si is t h c  dlsrnnce from an crbsel.vetl wi ld  s t a t ion  t o  rhe" midpoint 01 
t h e  t ra jec to ry  segment.  The closest  observations a r c  thus given t h e  g rea tes t  
weight. The alignment weighting function is defined as f ( e i )  = 1 - 0.5 
(s in  8 i l  , where  e i  is t h e  angle  formed between segment  i and, a l ine drawn 

from the segment  origin t o  t h e  observed wind stat ion.  Observations upwind 
and  downwind a r e  the re fore  given more  weight. 



Figure 5-6 depicts trajectories of the  center  of mass of 'hypothetical 
SO2 .puff . re leases  from a source near Chicago, Illinois, on October 17, 
1974. The trajectories labeled A,  B,  C ,  and D were released at t imes 002 ,  
062 ,  122,  and 182, respectively. The numbers on each  t ra jectory indicate 
t h e  length of travel t ime in days (Meyers and Cedarwall, 1975). 

(2 )  Diffusion 

The parameter involved in solving the  atmospheric diffusion equation is 
' 

eddy diffusivity, which is a function of stabili ty,  mixing height, and surface 
roughness. Neutral atmospheric s$ability conditions were used throughout the  
calculations in the  AIRSOX' model because of the simulation of an average 
well-mixed boundary layer with a constant mixing height. The vertical dif- 
fusion is calculated using eddy diffusivity or the  "KI1 theory. The eddy 
diffusivity used in the  model for neutral  conditions follows the  'formulation 
by Bolin and Persson (1975): 

K =  ( 85 ku, f o r  8 5 m r ' z < . H  I 

where k is the  von Karman. constant,  k = 0.4, u+ is the  friction velocity, 
and H '  i s '  the  mixing height. The friction velocity, u+ = 0.4 m/s,  and the  
surface roughness, zo = 25 c m ,  were chosen in t he  model calculation t o  
represent neutral  conditions averaged over t he  United States. 

The heightCiof the mixed layer defines the  upper limit of the  dilution-.of 
mater ia l  released below it. In the  AIRSOX model, t he  eddy diffusivity goes 
t o  zero at the  mixing height, which in some applications is assumed t o  be 
equal t o  the  climatological height of the inversion. Holzworth (1972) sum- 
marized vertical temperature  sounding da ta  for numerous 'locations in the  
United States  from 002  t o  122  observations over a 5-year period. He 
objectively determined the  height of the mixing layer from . the intersection 
of the dry adiabat extrapolated from the adjusted surface temperature  and 
the  observed tcmperat~ee profile. The morning and afternoon mixing heights 
for selected locations in the  'Eastern United States  over four seasons a r e  pre- 
sented in Table 5-1. A striking fea ture  is t he  persistence of a low-level 
morning inversion' across seasons, as compared with the  variability of the 
afternoon mixing height with season. Further ,  t he  diurnal variability would 
appear t o  be greater than the  seasonal variability. The average seasorial 
mixing heights range from 650 t o  about 1000 m. In t he  AIRSOX model for 
July,  for example', a constant mixing height. 'of 1000 m was employed be- . 
cause . i t  represents t he  character is t ic  average value for tha t  month. 

(3 )  Transf orrr~ation 

The parameters governing the  transformation of pollutants, SO2 and 
SO4, .  a r e  chemical reaction, dry deposition, and wet deposition. 



T r a j e c t ~ r y  s t a r t i n g  a t  00Z 
--- ~ r a j e c t o r y  s t a r t i n g  a t  062 

- - -  - -  T r a j e c t x - y  s t a r t i n g  a t  122 

T r a j e c t o r y  s t a r t i n g  a t  182 

Numbers i n d i c a t e  days o f  t r a v e l  

Meyers, Brookhaven Nat iona l  Laboratory  



Season and - 

Time o f  Day 

Winter p.m. 

Spring a"m' p.m. 

F a l l  dp::: 

NEW York, 
NEW York 

Table 5-1.  - Selected Mixing He,ights 

Pi t tsburgh,  Day ton, Peor ia ,  Charles ton, 
Pennsyl vani a Ohio I l l i n o i s  South Carol ina 

Note: Mixing heights are i n  meters. Data are from Holzworth, 1972. 

Nashv i l l e ,  D a i l y  
Tennessee Average Average 



Chemical  react ion -- The mechanism for t h e  chemical  conversion of 
SO2 t o  SO4 in t h e  a tmosphere  is not  well understood, part icularly in relat ion 
t o  the  re la t ive  contributions of homogeneous and heterogeneous reactions. 
The  gross conversion r a t e  has,  howeve;, been measured under a var ie ty  of . 
atmospher ic  conditions. Li tera ture  values for t h e  . temporal ly  and spatially 
averaged  linear reaction r a t e  a r e  clustered around a mean of approximately 
0.5 percentlhr.  For use in t h e  AIRSOX model,  a linear react ion r a t e  .of 
0.57 percent lhr  was chosen for July 1974 and 0.50 percent  for  January,  on 
t h e  basis of sensit ivity calculations and comparison with observations. In 
addition t o  t h e  SO4 produced by chemical  conversion (secondary sul fa te) ,  
2 percent  of t h e  init ial  SO2 (by ?mole)  is assumed t o  be e m i t t e d  directly as 
SO4 t o  s imulate  primary production .of,  S04. 

Dry deposition -- A derivative boundary cundition is used at t h e  bottom 
boundary in t h e  ver t ica l  diffusion t o  allow for dry deposition removal. Be- 
cause  dry deposition is a result  of SO2 and SO4 impacting on t h e  land,  t h e  
use of a bot tom boundary condition t o  allow for  dry deposition (surface  
depletion model) is ,  on physical grounds, preferable  t o  t h e  phenomenological 
approach UL uslng a Bulk depos~t ion  velocity .(source depletion model). I t  
should be noted tha t  in a model versus model comparison t h e  bulk deposition 
velocity (source  depletion model) calculation requires a lower deposition 
velocity as compared with t h e  bottom boundary calculation (surf ace depletion 
model) ,  in order t o  yield similar results  (Hors t  1977). In some regional 
applications,  deposition velocities of 3.4 c m l s e c  for SO2 and  0.23 c m l s e c  for 
SO4 were  chosen on t h e  basis of sensitivity calculations,  l i t e ra tu re  values, 
and  comparison with observations. These values were  used in t h e  July 
mat r ix  calculations. For January,  t h e  SO2 value was reduced ' to  2.5 c m l s e c  
t o  account  ' f o r  t h e  reduced absorption r a t e  and vegetation in winter. 

Wet deposition (precipitat ion) -- A linear rainout model is used t o  re- 
move SO? and SO& f r o m  t h e  ver t ica l  column whenever a ~ l u m e  segment  en- 
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counters  b i n f a l l .  .There exists  considerable uncer ta inty  as' to the Gechani.sm 
Of SO2 and  SO4 incorporation.  into rainfall. For th is  reason,  t h e  RNT. 
AIRSOX model has used a set of rainout pa ramete rs  previously applied t o  
calcula te  acid  rainfall ,  albeit  in a dif ferent  geographical location (Johnson et 
al., 1977; Johnson et al., 1978; Mancuso et al., 1978). The wet  deposition 
depends on t h e  rainfall r a t e ,  P, and is assumed t o  be constant with height. 
The wet deposition coeff ic ient ,  A w, used in AIRSOX, is 0.216P and 0.07P 
Lut SO2 and 5 0 4 ,  respectively. 

b. Computer  Implementation of t h e  Model 

The ' AIRSOX model computes  t h e  inncentra t ions  of SO2 and SOq, a.7- 
suming a puff is released every 6 hours f rom individual sources during t h e  
simulation period. The height of releases typically used a r e  200 m for 
uti l i ty sources ,  100 m for industrial sources,  and 20 m for a r e a  sources. 
The advection of the  puff is calcula ted at 3-hour intervals using historical 
data.  Vertical  diffusion, chemical  t ransformat ion,  dry deposition, and wet  
deposition a r e  calcula ted at hourly intervals. At  t h e  completion of a 3-hour 
advection s t e p ,  t h e  horizontal diffusion of t h e  puff is calculated. The 



t i m e  intervals used in the  calculation represent  a compromise between t h e  
des i re  t o  l imit  calculation complexity and computer expense and t h e  des i re  
f o r  sufficient  temporal-spatial  accuracy.  A summary of the  input parameters  
employed in t h e  AIRSOX model is shown in Table  5-2. The e f f e c t s  of 

' 

multiple sources a r e  calculated by combining t h e  SO2 and SO4 fields' f rom 
individual sources into composite concentration fields. Population in each 
grid cell  is tagged by county so  t h a t  population-weighted concentrations and 
population exposures can be aggregated f rom county level  t o  state or  Federal  
region levels according t o  t h e  emi t t e r  or receptor  locations. 

5.2.4 PNL Long-Range Transport  Model 

The PNL long-range t ranspor t ,  t ransformat ion,  and removal model was 
developed b y .  Wendell et al. ( 1976). Sensitivity and verification studies with 
t h e .  model have been conducted by Powell et al. ( 1979) and  McNaughton 
(1980) for  ,sulfur dioxide and sulfa te  a i r  concentrations and depositions in  t h e  
nor theastern  United States.  The model has been adapted t o  provide assess- 
ments  of the  a i r  q u a l i t y  impacts  of energy development in t h e  western 
United S ta tes  by Renne et al. (1978) and Sandusky et al. ( 1979). This PNL 
model was then modified t o  provide AQCR-to-AQCR transfer  mat r i ces  for  
SO2 and SO4, applying many of t h e  techniques t h a t  were  used t o  genera te  
AQCR-to- AQCR transfer  matr ices  for emi t t ed  f ine  part iculates (Eadie  and 
Davis,  1979). 

The PNL long-range transport  model simulates t h e  airborne t ranspor t ,  
diffusion,  t ransformat ion,  and removal of SO2 and SO4 from point emission 
sources. Transport  is simulated by following t ra jector ies  in a 100 t o  1000 m 
layer  average wind field with reference t o  a fixed grid. Trajectories origi- 
n a t e  ' hourly at each source  and calculations of diffusion, t ransformat ion,  and  
w e t  and dry deposition are calculated hourly using coupled mass conservation 
equations. The resul tant  mass distributions a r e  accumulated over a month at 
each  grid square  t o  which t h e  plumes contribute.  

The grid system in t h e  PNL long-range model adopted for  th is  program 
i s  based on t h e  National Meteorological Cen te r  ( ~ h 4 C )  Northern Hemisphere 
grid. The NMC grid is a regularly spaced grid laid out  on a polar s tereo-  
graphic projection. The PNL advection grid (Figure 5-7) upon which layer-  
averaged winds are mapped every  12 hours is a subset  of t h e  NMC grid and 
spans t h e  United S t a t e s  and adjacent areas.  The dim'ensions of t h e  PNL grid 
a r e  14 NMC grid units in t h e  x direction a n d '  12 NMC grid units in t h e  y 
direction. The sampling grid upon which pollutant air  concentrations and 
depositions a r e  predicted has linear dimensions one-tenth of t h e  advection 
spacing,  making a 140 x 120 a r ray  o'f grid squares. The precipitat ion d a t a  
used in t h e  wet  removal calculations in t h e  model is also mapped on t h e  
sampling grid. The sampling grid spacing is approximately 38 km at 6 0 ° ~  
and 32 km at 3 5 O ~  lati tude.  

Some significant f ea tu res  of t h e  model in t h e  generation.  of the AQCR- 
to-AQCR transfer  matr ices  for SO2 and  SO4 a r e  

. Dry deposition of SO2 and SO4 is  constant with deposition 
velocities of 1.0 cm/sec  and 0.1 cm/sec  (Garland,  1978). 



Table 5-2. BNL AIRSOX Model Parameters 

Parameter Value 

1 .  Ef fec t ive  r e l e a s e  he ight  (he igh t  of 
s t a b i  1 ized plume a f t e r  emission. 
processes)  

U t i l i t y  

Indus t r i a l  

200 meters 

100 meters 

2. Amount of SO4 i n  e f f l u e n t  2% of emit ted SO2 (by mole,) 

3 .  Meteorology and preci  pi t a t i  on da ta  Ju ly  1974, January 1974 

4. Mixing l aye r  he ight  above t e r r a i n  

5 .  Atmospheri c s t a b i  1 i t y  

6.  Number of v e r t i c a l  l e v e l s  

7 .  Conversion r a t e  of SO2 t o  SO4 

8. Dry depos i t ion  ve loc i ty  

f o r  SO2 

f o r  SO4 

9.  Wet removal r a t e  

f o r  SO2 I 

f o r  SO4 

10. Grid reso l  u t i  on, approximate 

1000 m ( J u l y ) ,  600 m ( Jan)  

Neutral 

12 ( J u l y ) ,  8 (Jan)  

0.57%/hr ( J u l y ) ,  0.50%/hr ( Jan)  

3.4 cm/sec ( Ju ly) ' ,  2.5 cm/sec (Jan)  

* P = r a i n f a l l  (mm/hour) . 
. . 





SO2 t o  SO4 t ransformat ion is  linear as a function of SO2 mass 
with a day t ime  r a t e  of 2 percent lhr  and low transformation at 
night (0.25 percen t )  ( ~ u s a r  , 1978). 

Wet removal of SO2 is given b y  w l  = 0.005 P ( t )  (Dana et al., 
1975) of SO4 as determined f rom a formulation b y '  Scot t  ( l 9 7 8 )  
f o r  Bergerontype.  clouds, w2 = 0.232 ~ ( t ) O * ~ ~ 5 .  

A diurnal s tabi l i ty  cyc le  is specified giving unstable conditions in 
t h e  , a f t e rnoon ,  neutra l  conditions in t h e  morning and l a t e  af ter -  
noon, and s tab le  conditions at night. Mixing height is given by a 
sinusoidally varying cyc le  representing t h e  building of a s tab le  
nocturnal  layer and a day t ime  mixed layer f rom t h e  surface.  

Model input include wind d a t a  and hourly precipitat ion data .  Wind d a t a  
a r c  obtained by averaging radirssu~~cltr data 111 a 10n m m ~r ' l l l lJ  m layer, 
objectively analyzing t h e  d a t a  and interpolating t h e  d a t a  each hour between 
observations taken at 12- hour intervals by weighting thei r  position in t h e  
observational period. 

Precipitat ion d a t a  a r e  obtained f rom National Weather Service coopera- 
t i v e  observers. The model uses hourly gridded precipitat ion fields derived 
f r o m  approximately 3000 observing s ta t ions  in t h e  United States.  

The PNL long-range t ranspor t  model pa ramete rs  used in t h e  generation 
of the  SO2 and SO4 t ransfer  matr ices  are summarized in Table  5-3. 

5.3 ANALYSIS O F  MATRICES 

5.3.1 General  

In t h e  development and application of long-range t ranspor t  models and 
analytical  methodologies, it is important  t o  bear in mind t h e  constraints re- 
l a ted  t o  those  methods. The mat r ix  techniques can be used, t o  s o m e  

, e x t e n t ,  to analyze t h e  models and thei r  constraints. This section deals with 
analyses of t h e  t ranspor t  mat r ix  ( Tij ) f rom various perspectives,  independent 
of emission inputs ( E j )  o r  resulting concentra t ion outputs ( c i ) ,  which a r e  
t r e a t e d  in  Section 5.4. 

. . 

5.3.2 Temporal  Variations 
, . 

As described in Section 5.2, t h e  meteorology d a t a  processed t o  d a t e  i n . .  , 

both t h e  BNL and PNL' rnodels is very l imited in scope. '  The d a t a  used 
, , represents  only four selrtct mnnlhs out  of a single year. This d a t a  base is, 

of a i u r s e ,  insufficient  t o  ascer ta in  sys temat ic  seasonal variations in t h e  
t ranspor t  mat r ix  or  to de te rmine  whether t h e  t ranspor t  changes significantly 
f r o m  year t o  year. However,  it 'does provide a preliminary basis fo r  esti- . . 
mat ing  t h e  degree  of variability f rom one month t o  another.  Figures 5-8 
and  5-9 a r e  contour maps of the  t ranspor t  from a fixed Midwest source ,  
f r o m  t h e  s a m e  model ,  for  meteorology f rom January and July of the  s a m e  



Table 5-3. PNL Model Parameters 
a '. , . 

.' . . . 

Time per iods  f o r  meteoro'logi c a l  da ta  

Advect ion g r i d  spacing (35ON l a t i t u d e )  

G r i d  spacing f o r  sampling r e s u l t s  .and f o r  
p r e c i p i t a t i o n  da ta  (350N l a t i t u d e )  

Source emission r a t e  

Source 1  o c a t i  ons (86) 
. . 

~ f f e c t i v e  source s tack  h e i g h t  

Maximum daytime m i  x i  ng h e i g h t  

M i  n i  mum daytime m i  x i  ng he i  g h t  

Maximum n i g h t t i m e  s t a b l e  l a y e r  h e i g h t  

Minimum n i g h t t i m e  s t a b l e  l a y e r  h e i g h t  

S t a b i l i t y  

1-31 January 1974 
. l -30 .  Ap r i  1  1974 
1-31 J u . 1 ~  1974 
1-31 October 1974 

Advect ion g r i d  
i nte rsec t i ons  f o r  
i n t e r p o l a t i o n  t o  
cen t ro jds  o f  AQCR 

Var ied  through t h e  
d i  urna.1 c y c l e  

SO depos i t i on  v e l o c i t i e s :  

1.0 cm/sec SO2 

SO4 0.1 cm/sec 
Wet removal c o e f f i c i e n t s :  

Tra~nsformat ion r a t c  of SO t o  SO4 0.02/hr ( d a . ~ t i m e )  and 
0.0025/hr ( n i g h t t i m e )  

Percentage o f  SO4 i n  o r i g i n a l  emissions 0.0 

Puf f  re lease r a t e .  f rom source, advec t ion  t ime 
step, and sampling r a t e  o f  p u f f s  f o r  r e s u l t s  1  pe r  h r  

Maximum number o f  hours a  pu f f '  t r a j e c t o r y  
w i l l .  be cont inued i f  i t  s tays  on g r i d  200 h r  

Averaging p e r i o d  f o r  a i  r concent ra t ion  
f i e l d s  of SO2 and SO4 

U n i t s  o f  a i r  concent ra t ions  o f  SO2 and SO4 ' . . ,: .vg/m3 

* P = r a i n f a l l  r a tes ,  mm/hr.. Temporal and s p a t i a l  v a r i a t i o n s  i n  P were 
d e t e m i  ned from h o u r l y  p r e c i p i t a t i o n  data.  

5 1 





Note: Contours show incremental suspended 
su l fa te  (SO41 concentration (pglm3) averaged 
over one month due t o  a hypothetical t a l l  
stack .source emi t t ing  one m i  11 i on  met r ic  tons 
per year of S02, located i n  Ohio (AQCR #183, 
"Zanesvi l l e " ) .  . Meteorological data are f o r  
the month of Ju ly  1974. Concentrations based . 
on calculat ions w i th  Brookhaven National 
Laboratory AIRSOX model. . . 



year.  As d a t a  f rom other  t i m e  f r a m e s  become available., mapping and 
general  s ta t is t ica l  analysis techniques can be applied t o  determine whether 
t h e r e  are seasonal ,  annual,  and/or random aspects  t o  t h e  t ranspor t  matrix. 
This determination can then be used t o  apply t h e  appropr ia te  fac to rs  t o  t h e  
m a t r i x  generation. 

5.3.3 Local/Long-Range Variation 

Because of t h e  necessari ly gross grid employed in t h e  generation of 
t h e s e  m a t r i c e s ,  s o m e  inaccuracies may a r i se  in t h e  local  (diagonal e lement )  
t ranspor t  calculations t h a t  do not a f f e c t  t h e  long- range (off -diagonal ele- 
m e n t )  t ranspor t  to t h e  s a m e  extent .  This class of problems is re la ted to t h e  
s i t ing of emission sources within a region in t h e  process of generating t h e  
matr ices .  Due t o  t h e  addit ive na tu re  of long-range t ranspor t ,  these  
prnhlctms tend to cancel  and bc masked in t h e  i ~ ~ l e r r e g i o n a l  t ranspor ts ,  
especially among regions separated hy g r ~ a t ~ r  distances. Table 11-1, in  the 
preceding c h a p t e r ,  presents sonle initial data sllowing values of local  and 
long-range e f f e c t s  for  SO2 and SO4 in a part icular area .  

5.3.4 Source (Slack Helghr) Variation 

In most cases, increasing t h e  s t a c k  height of a pollutant-emitt ing 
source  should resul t  in the  pollutant's being deposited fu r the r  f rom t h e  
source.  Fur the rmore ,  higher re lease  should give less chance for  ground-level 
absorption of SO2 (d ry  deposit ion) and lead t o  g rea te r  conversion t o  SO4. In 
t h e s e  analyses,  t h e  t h r e e  classes of source have di f ferent  s t a c k  height: 
uti l i ty (200 m ) ,  industrial  (100 m ) ,  and a r e a  (20 m). The resulting pol- 
lu tan t  deposition f rom t h e  uti l i ty sources should, on t h e  average ,  be 
deposited fu r the r  away and more  in. t h e  form of SO4 than t h e  o ther  ' two 
source  classes. In t h e  mat r ix  representa t ion,  low s tacks  result  in high values 
fo r  t h e  diagonal mat r ix  elements;  conversely,  high s tacks  yield high values 
f o r  off -diagonal mat r ix  elements.  

'The source classes also differ  in thei r  spatial  distribution of sources 
within a region. The spat ia l  distributions a r e  ref lected t o  s o m e  e x t e n t  in 
t h e  BNL mat r i ces ,  where  individual uti l i ty sources and s o m e  la rge  industrial 
sources were  expl ic i t ly .  modeled. This spatial  distribution also a f f e c t s  t h e  
concentra t ion pa t t e rns ,  ,especially t h e  intraregional , diagonal elements.  P o p  
ulation-weighted mat r i ces  a r e  likely t o  be more  sensit ive t o  di f ferences  in  
intra-AQCR . source  distribution than area-weighted mat r i ces  because of cor- 
relat ions between population and source locations. Stack height e f f e c t s  m a y  
vary  by location; howe\ier, t h e  general  tendencies of local  versus long-range 
e f f e c t s  are expected t o  'be manifested s ta t is t ica l ly  ra the r  than uniformly. 

Because of t h e  tendency of emissions from low s tacks  t o  reach ground 
level  before leaving t h e  e m i t t e r  regibn,  t h e  diagonal e lements  of industrial 
t ranspor t  matr ices  ( 100-m s tacks )  shduld be larger than t h e  corresponding 
diagonals of t h e  uti l i ty mat r i ces  (200-rn stacks).  Diagonals of t h e  July  BNL 
t ranspor t  matr ices  fo r  industry and '~!tilitics are compared in Figurc 5-10. 
The d a t a  follow t h e  expected trend.  u t i l i t y  diagonals tend t o  be about 
76 percen t  as large  as the  industry diagonals as can be seen f rom t h e  slope 
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of t h e  re ression line. . (The regression l ine was forced through t h e  origin, B has  an R . of 0.924, and  a slope of 0.763). The smaller  uti l i ty diagonals re- 
f l e c t  the  tendency of t h e  high s tacks  of t h e  utilities t o  reduce local impacts. 

5.4, DATA ANALYSIS AND MODEL VALIDATION 

5.4.1 General  

Validation of predicted concentrations against  observed d a t a  cannot be 
ca r r i ed  o u t  ef fect ively  because of l imitations in al l  t h r e e  components of such 
a comparison -- i.e., t h e  mat r i ces ,  t h e  emission vectors ,  and t h e  observed 
concentrations.  

The mat r i ces  current ly  available are based on a small  samplc  of 
. meteorology,  only January  and July  1974 fo r  BNL and 4 months of 1974 for  

PNL. A larger s t a t i s t i ca l  sample  is needed,  especially fo r  l a te r  ycnrs t h a t  
c a n  be compared with be t t e r  emission and concentration data .  Monitoring 
s ta t ions  in t h e  ea r ly  years were  generally clustered in  urban a reas  and near 
emission sources; they  were  not well distr ibuted for  es t imat ing average con- 
centra t ions  over AQCRs. Furthermore., SO4 measurement  techniques for  t h a t  

' perlod somet imes allowed transformation of SO2 t o  SO4 within t h e  , instru- 
m e n t s ,  c rea t ing  f a l s e  readings. 

A fu r the r  difficulty with current  validation a t t e m p t s  is t h e  quality of 
avai lable  emission data .  Two agencies col lect  emission data: t h e  Environ- 
m e n t a l  Protect ion Agency has t h e  National Emissions Da ta  System (NEDS), 
and  t h e  DOE Federal  Energy Regulatory Commission (FERC) collects utility 
d a t a .  NEDS d a t a  collection was just s t a r t ing  in 1974, s o  thei r  procedures 
m a y  not have been well established during t h e  period corresponding t o  t h e  
meteorological  d a t a  used in the '  available t ranspor t  matrices.  There a r e  
major  discrepancies between NEDS and F E R C  uti l i ty emissions for  tha t  
period. In th is  s tudy,  emissions for  1974 a r e  approximated by a combination 
o f  1975 NEDS and F E R C  d a t a  as discussed in t h e  next section. 

Even with these  reservat ions ,  i t  is tempt ing t o  compare  computed and 
measured concentra t ions  (see  Section 5.4.3). As new matr ices  a r e  developed 
using recen t  meteorology and as be t t e r  emissions and measured concentra- 
t ions are analyzed,  . genuine validation t r ia ls  may be possible. 

5.4.2 Emissions -- 

The mat r ix  method requires input values corresponding t o  annual emis- 
sions. from each of t h e  regions. A single. AQCR-level vector of 238 emis- 
sions multiplied by- t h e  appropr ia te  t ranspor t  rriatrix produces a vector  of 238 
concentrations.  

Transport  mat r i ces  have been developed for  20-m, 100-m, and 200-m 
s t a c k  heights (permit t ing t h e  use of input emissions, which a r e  also divided 
i n t o  . t h r e e  s t ack  height ca tegor ies)  and then adding t h e  resulting t h r e e  s e t s  
of concentrations. Actual  sources have a wide var ie ty  of s t ack  heights but 



can  be assigned t o  one of t h e  th ree  categor ies  as a useful approximation. 
NEDS provides a detailed inventory of such emissions for  every  AQCR. 
Table 5-4 is  a copy of a typical  NEDS inventory fo r  1975 (EPA,  1978). 

In addition t o  t h e  detailed classification shown, NEDS aggregates  emis- 
sions in to  two  broad categories: Itareaft and "point.It The NEDS d a t a  for  
"area" were  used for t h e  20-m class input vector;  t h e  NEDS "pointt1 category 
includes both industrial and uti l i ty sources.. The uti l i ty portion is easily 
identif ied under t h e  heading "Electric Generation." The industrial  component 
is assumed t o  'be all  ttpointlt ca tegor ies  excep t  e lec t r i c  generation (i.e., 
industry =. point - e lec t r i c  'generation ). 

A 'second sourck of uti l i ty emissions is also available f rom FERC. The 
F E R C  d a t a  should be identical  t o  NEDS, but in f a c t  o f ten  differ  con- 
siderably. Because NEDS d a t a  a r e  compiled f rom F E R C  informat ion,  it was 
decided t h a t ,  temporar i ly ,  any discrepancies would be resolved iti favor  of 
FE RC.. Reconciliation of these  discrepancies by t h e  responsible agencies is 
being pursued,. 

In summary ,  t h e  t h r e e  components of emissions were  t aken  f rom NEDS 
and F E R C  as  follows: 

20-m s tack f rom NEnS t tarcatt  
a 100-m s tack f rom NEDS "point" minus NEDS t le lect r ic  generationtt  
a 200-m s tack f rom FERC Itutilitiest1 

The current  t ranspor t  matr ices  a r e  based on 1974 meteorology. NEDS 
was not fully operational in 1974, but t h e  1975 d a t a  presented in t h e  
Environmental Protect ion Agency 1975 National Emissions R e p o r t ,  were  a rea- 
sonable approximation t o  1974 emissions. NEDS 1976, d a t a  a r e  .also available 
in  published form (EPA,  1979), and d a t a  l a t e r  than 1976 can be obtained by 
request  from t h e  Environmental Protect ion Agency'. It is important  t o  obta in  
t ranspor t  matr ices  for more  recen t  years along with good emission inven- 
tor ies  for  t h e  s a m e  periods. 

Two pollutants from t h e  NEDS inventory a r e  of major interest:  SOx 
and part iculates.  The par t icula te  emissions cannot be used di rect ly  with t h e  
par t icula te  matr ices  without correction for  t h e  respirable f ract ion.  The SOx 
e~~l i s s io r l s  are used with both SO2 and SO4 matr ices .  Initially, SO, emissions 
a r e  predominantly S02.  The BNL matr ices  account  for  chemical  transfor- 
mation t o  SO4 within t h e  plume, as  well as for  computing deposition and 
t ranspor t .  

Figure 5-11 shows an AQCR map  of t h e  NEDS/FERC 1975 emission 
densit ies (emission per unit area) .  These d a t a  . w e r e  used in t h e  comparison 
of computed and observed d a t a  discussed in t h e  next  section. 

* 5.4.3 Concentra t ions  

Figures 5- 12 and 5- 13 show 1974 annual average SO2 concentra t ions  
predicted by t h e  mat r ix  method and observed f rom t h e  SAROAD d a t a  base ,  
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Note: Emissions data by AQCR from 
DOEIFERC ( e l e c t r i c  u t i l i t i e s )  and 
EPAINEDS (other  sources) . 
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Note: Concentrations predicted by 
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of Janwy and July 1974 meteorology. 
Emi ssim data from WEIFERC (electric 
uti l i  tier) and EPA/NEDS (other sources) 
(1975). 
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Note: Average of  a l l  population- 
oriented mni t0.p in each AQCR. 
Source : EPA SAROAD data base. 



respectively. Comparison with SO2 observations is not regarded as a satis- 
factory validation test of the matrix method for several reasons. First, the 
method was developed primarily to capture interregional effects; the i n t r a r e  
gional effects , especially the local SO2 concentrations, were not necessarily 
expected to  be especially accurate. More importantly, however, the emis- 
sion input data set and the observed SO2 concentrations used have not been 
subjected to  adequate quality controls. (Some of the problems with those 
data are described above.) Preliminary checking in a few regions where the 
model diverged substantially from ambient data suggests that nonrepre- 
sentative observed concentration data may account for some of the 
divergences. 

For example, in several AQCRs, the monitors were clustered far from 
sources, or only a single monitor located near a major source was included. 
To eliminate spurious values, the median value among 3 years ( 1973, 1974, 
and 1975) was &osen. Quantitalive ~wmparlson of 'the above observed data 
versus predicted SO2 values is depicted in Figures 5-14 and 5-15, using the 
BNL and PNL SO2 matrices, respectively. Although there is a fair amount 
of scatter, the 215 observations do cluster around a re ression line with a 
slope dose to 1. The slope is 1.06 for BNL, with an Rb = 0.64, implying a 
slight under prediction. For PNL, the slope of the regression line is 1.18 
and ~2 = -0.63, implying a greater underprediction. 

For reasons given above, this preliminary comparison of SO2 data 
should not be regarded as the best test of the models or the matrix method. 
Validation efforts were carried out in the course of developing the parent 
models. BNL compared 4 months of calculations with observed data from 
the Environmental Protection Agencyb National Air Sampling Network and 
the Electric Power Research Institute's Sulfate Regional Experiment (SURE) 
data over the Eastern United States (Meyers, 1979a). They found a correla- 
tion of 0.7 for SO2 and 0.6 ,for SO4. For July 1974, the correlation was 
0.57 for SO2 and 0.81 for SO4. 

For the PNL model, comparisons were made with SURE/Mwltistate 
Atmospheric Power Production Pollution St1 lrly (MAP3S) observations for 2 
months of data (August and October 1977) (McNaughton, 1980). With an 
estimated 65 percent of emissions accounted for, the model explained an 
average of 56 percent and 89 percent of observed SO2 and SO4 concentra- 
tions, respectively. Spatial correlations were 0.56 and 0.76 for SO2, and 
0.59 and 0.64 for SO4, for the two different months, Totdl wet deposition 
was substantially underestimated by the model, ranging from 30 percent to  
80 percent of observed values. When a simulation of incloud transformation 
of SO2 to  SO4 was included in the PNL model (McNaughton and Scott, 
19801, predicted wet deposition averaged from 85 percent t o  104 percent of 
observed values. 

Further validation work on the two parent models and the derived 
matrices is planned in the near future using more recent, better controlled 
observed data and corresponding meteorology. This work will examine both 
SO2 and SO4 concentration and wet deposition of sulfur. Comparison with 
SO4 and deposition data for 1974 has not even been attempted here because 
such data was relatively sparse and systematic measurement errors occurred 
in SO4 data during that period. 
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6 ,  

The matr ices  developed by PNL for  f ine  or  respirable part iculates have 
no t  been subjected t o  substantial  tes t ing due . t o  t h e .  . absence . of 
com prehensive d a t a  for both emissions and ambient  concentrations.  . The . 
general  method presumably could be used for  any component of emi t t ed  
par t icula tes  up t o  roughly 10 micron in s i ze  (where-  gravitat ional se t t l ing 
begins t o  become important) ,  provided t h a t  appropr ia te  r a t e  parameters  fo r  
w e t  and dry deposition a r e  used and no s ign i f i can t ,  t ransformations of form 
occur.  

The ' f ine  par t icula te  matr ices  have been used in DOE'S Technology . 
Assessment of Solar Energy (DOE, t o  be puthished). In this project ,  

.emission es t imates  for  f ine  part iculates were  developed in t e r m s  of fractions 
of to ta l  par t icula te  emissions fo r  d i f fe ren t  sources. An example  of t h e  - 
concentra t ion results  f o r  t h e  1975 base year emissions is given in 
Figure 5- 16. Large but uncertain sources of to ta l  part iculates such as . 
fugit ive dust and fo res t  f i res  a r e  not included in these  es t imates .  From 
Figure  5-16 i t  can be seen tha t  primary f ine  par t icula te  concentration 
es t imates  range from less than 0.5 t o  10 ug/m3 (annual average)  over t h e  
United States.  



Note: Predicted primary ' f i n e  part i .culate . . 
concentration (mi crograms/cubi c 'meter) 
.based on annual average meteorology and 
emissSons from .the TASE low scenario. 



6. FUTURE DIRECTIONS 

6.1 VALIDATION AND CALIBRATION 

Validation of t h e  mat r ix  methodology and identif ication of i t s  l imi ts  i s  
a n .  essential  task  t o  support fu tu re  applications. Ideally, th is  work should be 
carr ied out  in conjunction with validation and tes t ing of the  parent models 
fo r  reasons of economy and t o  permit  identif ication of l imitations of the  
mat r ix  method per se from those of t h e  parent models. 

An opportunity t o  do this exists  because validation studies of t h e  parent 
models are being carr ied out  under t h e  Environmental Protection Agency 
MAP3S program. Observations' from t h e  SURE monitoring network and an 
improved emission inventory should permit  more  a c c u r a t e  d a t a  for  valida- 
tion. Meteorological d a t a  and model runs will be made for  July  1978. De- 
velopment of new mat r i ces  for this period can be achieved with a relat ively 
smal l  increment of additional work and would provide improvements in long- 
t e r m  forecast ing s ta t i s t i c s  plus an opportunity t o  check t h e  mat r ix  pre- 
dictions against  a be t t e r  quality d a t a  base. 

Validation work carr ied out  in conjunction with t h e  parent models not 
only establishes confidence l imits on' t h e  models, but  also provides t h e  
opportunity ' to  se lec t  improved parameter  values for  a tmospher ic  processes t o  
improve models and derived matrices.  This is especially important  in view . 

of current  uncertainties in t h e  re la t ive  value and magnitude of d i f ferent  
t ransformat ion a n d  removal processes. Simultaneous com parison with d a t a  
bases for S 0 2 ,  SO$, and deposition is especially important  in separat ing t h e  
individual e f f e c t s  of t ransformat ion.  and removal r a t e  . parameters.  

6.2 MODEL EXTENSIONS 

Current  mat r i ces  a r e  l imited in several  ways: 

Geographic coverage is l imited t o  t h e  conterminous United S t a t e s ,  
. . excluding Canadian sources and receptors.  

. . . . 

Only SO2 and SO4 concentrations are provided. (Deposition valucs 
a r e  riot available at present but are being developed by BNL). 

Ni t ra te  (NO3') ions . a re  not modeled,  and these  a r e  presumed t o  
be  of growing importance to acid  precipitat ion and visibility est i-  
mat ion in t h e  future .  

Only monthly averages of a i r  quality 'parameters  a r e  projected by 
present matrices;  shor ter  t e rm averages a r e  important t o  regula- 
t o r y  analysis and estimation of a c u t e  eifects. 

Only 4 months  of 1974 meteorological  d a t a  have been modeled and 
processed in to  matrices;  fur ther  analysis of t h e  range of e f f e c t  of 



meteorological  variability on t ranspor t  is required t o  establish 
representa t ive  annual,  seasonal,  and monthly averages  and the  
s t a t i s t i c s  of probable f luctuations about  those  mean values. 

a All e m i t t e d  f ine  par t icula te  species a r e  t r e a t e d  as uniform in 
the i r  behavior in t h e  PNL respirable par t icula te  matrices;  fur ther  
investigation of d i f ferences  in behavior (e.g., deposition ra tes )  
among  important  substances is required,  and important  differences 
will b e  incorporated in to  t h e  matrices.  

a Emission e s t i m a t e s  of f ine  par t icula tes  and available d a t a  on 
ambien t  concentra t ions  need t o  b e  collected t o  validate and cali- 
b r a t e  t h e  respirable par t icula tes  matrices.  

Limited coverage of Canadian sources and deposition values will be 
computed by RNL. Computation qf July I97ic and additional sptivlg trr~d 
autur1111 111onths. is also in progress. A preliminary study of methods for  esti- 
mat ing shor t - term concentra tons  is underway .at BNL. BNL mat r ices  for we t  
and  dry deposition of SO2 and  SO4 will be  described in a la ter  report. 

6.3 ANALYSIS OF VARIANCE IN AMBIENT CONCENTRATION 

An important  task  for t h e  fu tu re  is t o  analyze t h e  variance of observed 
S 0 2 ,  SO4, and par t icula te  data. This d a t a  is available f rom t h e  Environ- 
menta l  Protect ion Agency in SAROAD and SURE d a t a  bases, but only cur- 
sory analysis has  been conducted by OEA s o  far. 

The s ta t is t ica l  technique,  analysis of variance,  can be  used on e a c h  
pollutant t o  divide t h e  to ta l  variance in t h e  historical observations into com- 
ponents caused by fac to rs  such as t h e  following: 

a Monitor t y p e  (population, source ,  or background) 
a Seasonal and mnnthly variation 
a Year-to- year variation 

6.3.1 Monitor T v ~ e  

A significant f ract ion of t h e  t o t a l  variance might b e  a t t r ibu tab le  t o  
monitor type. If so, ra the r  than averaging all  monitors together  t o  repre- 
s e n t  t h e  region, i t  might be be t t e r  t o  average  each  t y p e  separately.  
Averages of background monitors might be  t h e  best  d a t a  to use in compari- 
sons with long-range t ranspor t  predictions. 

Seasonal E f f e c t s  .-. 

Large variation between seasons would indicate t h e  necessity t o  
establish emissions by season ra the r  than annually and t o  multiply seasonal 
emissions by seasonal t ranspor t  matrices.  Additionally, investigation of t h e  
var iance between months  provides information on how many monthly mat r i ces  
a r e  needed t o  establish a sound e s t i m a t e  of a n  average seasonal matrix. 



6.3.3 Year  -to-Y e a r  Variation 

Variation between years ' indicates t h e  number of annual matr ices  t h a t  
mus t  be averaged together  t o  provide a sound e s t i m a t e  of a typical  annual 
matr ix .  Fur thermore,  analysis of annual d a t a  is needed t o  develop cor- 
rections for long-term trends in t h e  da ta .  

.. If t h e  observed ambient air  quality d a t a  can be adjusted for t h e  above 
f a c t o r s ,  t h e  d a t a  may prove useful in model validation test ing.  Even if vali- 
dation cannot  be accomplished,  identif ication of major causes  of d a t a  vari- 
abil i ty could help in refining t h e  mat r ix  methods. 

6.3.4 Subsequent Tasks 

If validation appears t o  be feas ible  on t h e  basis of analysis of concen- 
t ra t ion d a t a ,  then- good es t imates  of emissions wi l l ,  also be . needed for  t h e  

. . s a m e  'time periods. The Environmental Protection Agency NEDS and MAP3S 
d a t a  ,bases contain much of the  needed information (quali ty unknown). A 
second task then is t o  establish e f fec t ive  computer access t o  these' d a t a  
bases. Once th is  is done,  validation t r ia ls  comparing model .ou tpu t  concen- 
t ra t ions  with observed concentrations should. be t h e  third task. 



APPENDIX A. STATE SULFATE TRANSPORT MATRIX 

In te r s ta te  t ranspor t  mat r i ces  have been developed by Brookhaven and 
Pac i f i c  Northwest National Laboratories as explained in Section 2.6. 
Table  A-1 i l lus t ra tes  a typical  s ta te- level  matrix.  This mat r ix  was 
generated by Brookhaven National Laboratory for  uti l i ty sources and a rea -  
weighted recep tors  with t ranspor t  averaged over January and July  meteoro- 
logy. Each mat r ix  e lement  represents  a mathemat ica l  transformation of 
state emissions in units of millions of m e t r i c  tons of SO2 per year t o  annual 
average  concentra t ions  in t h e  receptor  state in micrograms of sul fa te  ( S o 4 )  
per cubic m e t e r  of air .  Each state is listed as an e m i t t e r  in t h e  column 
headings and as a receptor  in t h e  row headings, allowing computation of 
t ranspor t  f rom any  e m i t t e r  state t o  any receptor  state. For example ,  t h e  
tabula ted t ranspor t  f rom Mississippi (3rd row in 2nd column) t o  Alabama 
( 1 s t  row) is  2.26739 micrograms/cubic meter/mill ion metric tons hf 
emissions. 



Tab le  A-1. Sample S ta te  Transpor t  M a t r i x  

E M I T T E R S  

CA' CD 0 
US KV ' LA 
M t  m NV 
M( OR PA 
VA YA HI 

8AVSO4RE 

RECEPTORS 

ALABAMA 

COLORADO 

CONWE c t  I 

OE U Y A R E  

F L O R I D A  



Table A-1. Sample S t a t e  ~ r a n s ~ o r t  Matrix (cont inued)  

BAVSO4RE 

RECEPTORS 

GEORGIA 

I N 0 1  ANA 

KANSAS 

KENTUCKY 

L O U I S I A N  . '  



Sample Sta te  Transport M a t r i x  (cont inued) Table A-1. 

EMITTERS 

BAVSO4RE 

RECEPTORS 

MARYLAND 0.27491 
0.24466 
0.07259 
1.03367 
0.07662 



Sample S t a t e  � ran sport M a t r i x  ( c o n t i  nuSd) Table A-1 . 

E M I T T E R S  

8AVSO4RE 

RECEPTORS 

WEVADA 

w 
.I= 

U E Y  J E R S  

NEW YORK 

W.CAROL1 



Table A-1. Sample State Transport Mat r i x  (continued) 
. . 

a, 
UY 
m 

'OR 
YA 

OREGON 



Sample State Transport Matri x (continued) Table A - I .  

EMITTERS 

BAVSO4RE 

. RECEPTORS 

VERMONT. 

V I R G I N I A  

0.03080 
0.77076 
0035045 
a o o 7 n  
a o o o o o  



APPENDIX 8. BROOKHAVEN NATIONAL LABORATORY MODEL . . 

The AIRSOX model has been designed t o  eff ic ient ly  calcula te  t h e  trans- 
por t ,  diffusion, and transformation of sulfur oxides e m i t t e d  f rom a' large  
number of a r e a  and point sources. Among o ther  variables,  t h e  mdoel com- 
putes t h e  gridded, population-weighted concentra t ions  of SO2 and SO4 at t h e  
breathing level  (2 m )  occurring in t h e  contiguous United S ta tes ,  using speci- 
f ied  emission inventories for uti l i ty,  industrial, and a r e a  sources. 

The semi -empirical equation of ' atmospher ic  dispersion of pollutants on 
which t h e  model is based is 

where 

C is t h e  mean concentration of pollutants 
3 = (U, V ,  W) is t h e  mean wind vector  
KH = KH(x,  y ,  2 ,  t )  is t h e  horizontal eddy diffusivity 
K = K ( x ,  y ,  z, t )  is t h e  ver t ica l  eddy diffusivity 

is t h e  horizontal Laplacian operator 
VH is t h e  horizontal, gradient operator 
S+ is t h e  source t e r m  
S- is t h e  sink t e rm 
x,  y a r e  horizontal coordinates,  z is t h e  ver t ica l  coordinate t is 

t h e  absolute t i m e  

The model approximates t h e  long-term average plume f rom each  pcl- 
lu tant  source by a series of plume segments. In equation ( I ) ,  t h e  initial 
source s t rength  for 'a  plume segment  for SO2 is Qijl = (1-6)  Qi. 6 (x-xi0) 
6(y-yio) *(z-hij)  6 -  and thc  intial  source s t rength  for the b4 plume 
segment  is Q i j ~  = 1.5 dij 66 ( x - x ~ ~ )  6 (y-yio) 6 ( ~ - h - . )  6 ( t - t i j ) ,  where B is 
t h e  f ract ion of 5 0 2  converted t o  SO4 in t h e  s t ack  f6r imary sul fa te) ,  Qij is 
t h e  source mass emi t t ed  over t h e  re lease  t i m e  in terval ,  (xi ,yi0) is t h e  
horizontal location of source i ,  hij is t h e  height of re lease  of plume seg- 
ment  f rom source i, tij i s  t h e  t ~ m e  of re lease  of jth plume segment  f rom 
source i ,  6 is t h e  Dirac del ta  function,  and t h e  fac to r  1.5 is t h e  r a t i o  of 
t h e  molecular weight of SO4 t o  502. 

The horizontal and ver t ica l  diffusion a r e  assumed t o  be independent,  so 
t h a t  t h e  dispersion can be  expressed by t h e  product of two  independent 
functions. The concentration at each grid cell  on an  eas t -wes t ,  north-south 
projection map is computed from summing a l l  t h e  contributions of t h e  plume . 

segments  t o  t h e  grid cell. The approximate solution of equation (1 )  can be 
wri t ten  as 



where ' : 

C is t h e  pollutant concentration, t h e  subscript. k = 1 and 2 '  . ~ represents 
sulfur dioxide and sulfate', respectively 

(C )ijk = C ~ H  ( X  - Xij , y - ' . ~ i j ,  t , '  t ' -  t i j)  
' 

( ~ 3 ~ ~ ~  = Czk ( ~ , f , t ' -  t i j )  
qijl = Qii ( 1 - B ) and qij2 = 1.5 Qij B a r e  the mass of SO2 and SO4, 

respectively, contained Initially in each  plume segment 

Thc horizontal distribution, (CHIi.k, . of pollutants, SO2 and S o b ,  is  
assumed to  be a Gaussian function as fo!lows: 

. . 

when 1 ~ x 1  z l ~ y l  

( 3 )  

when. l ~ y l  > 1 ~ x 1  

where f ( x a i j ,  t*ij)  and f (ySi j ,  t*ij') a r e  t he  along-wind fac tors  and 

where 

u i s  a s t ep  function 
= t -t i j  . x:.. = x.Xij,- yOi j  = y-yij, a n d  t0 . . 

vifJis t h e  lnr t ra l  velocity.  of the  jjh plume segment from source i . 
, 

JLij = A t'vij is  t he  plume segment length . 

Ax is t h e  projected segmcnt length,  kij ,  on x axis 
Ay is t h e  projected segment' length,  e ij,  on y axis ,' 

ay'.. and o x'ij a r e  t h e  crosswind standard deviations of t h e  plume in 
IJ t h e  east-west and north-south, direction, respectively: (in mete rs )  ' . 

kt is the  t ime. interval over. which a plume segment is released 



The model uses t h e  approximation fo r  a y  and of o y * i j  = 
ox *ij = 0.5 (t-tee) where  t-tij is  t h e  t ravel  t i m e  t i n  s e c o n d s j  of t h e  plume 

IJ ' s e g m e n t ,  j ,  f rom t h e  ith source  ( ~ e f f t e r ,  1965). Distribution along t h e  tra-  
jectory is dependent on t h e  segment  length ,  such t h a t  t h e  amount  of pol- 
lu tant  concentration decreases as t h e  segment  length increases due t o  higher 
init ial  along-wind velocities (venti lat ion ). Diffusion in t h e  along-wind .di- 
rection is assumed t o  be unimportant. 

The ver t ica l  distribution functions of pollutants a r e  computed f rom inte- 
gra t ing t h e  f in i te  d i f ference form of t h e  following equations under t h e  init ial  
conditions mentioned above: 

I 

where  

c z a  fo r  a = 1 and 2 a r e  t h e  ver t ica l  distribution functions of t h e  
concentra t ions  for  SO2 and S 0 4 ,  respectively 

K is t h e  eddy diffusivity , m2/sec 
z i s  t h e  ver t ica l  coordinate ,  m 
A is t h e  chemical  conversion r a t e  of SO2 t o  SO4, per sec 

a r e  t h e  wet  deposition removal r a t e s ,  a = 1 and 2 f o r  SO2 and 
S 0 4 ,  respect ively ,  ' per sec 

In general ,  A wll , K , A,  Q and Vd, are. functions o f .  space  and time. 
Although in many past  calculations.  they  have been typically set as constants ,  
t h e  program is designed t o  a c c e p t  them as varying in space and t ime.  

The boundary conditions a r e  ' ' 

a c 
Z R  = lim K - 

3 z "dkcz, 

where  VdR is t h e  dry  .deposition velocity fo r  SO2 ( a = 1) and SO4 ( 2  = 2)  
respect ively ,  and 

where  H is t h e  mixing height of t h e  planetary boundary layer. 



B.l METHODS O F  ANALYSIS 

B.1.1. Numerical Methods 

Vertical diffusion and transformation a re  calculated using a semi- 
implicit, variable grid, Crank- Nicolson , central  finite-diff erence scheme 
similar t o  Shir and Shieh ( 1974), except tha t  derivative boundary conditions, 
dry deposition, wet .deposition, and chemical conversion a r e  t reated by the  
present schemes. The finite-difference approximation t o  the  vertical concen- 
tration equations (4)  and ( 5 )  a r e  

and,  



where  

8 is a paramet r ic  constant  (as  with Shir and Shieh (1974),  w e  typically 
use 8 = 0.98 . . 

j is t h e  t i m e  s t e p  index 
k ' i s  the  vert ical  level 

a n d ,  

- 
- - k+% 

AZk-k 
2 zk-14, centered at z = k-lr 

Other  definitions of zk+fi and zk-fi a r e  possible and should be investigated 
f o r  accuracy.  The boundary conditions a r e  

where  C o , a  is t h e  concentrations at z = zO and KO is t h e  eddy diffusivity at 
z = zO, zo is t h e  su r face  roughness length ,  = 1 and  2 a r e  for  SO2 and  
SO4 respectively,  z l  i s  t h e  lowest  vert ical  grid s i z e ,  and 

where  KT is t h e  eddy diffusivity at z = H, and H is t h e  mixing height. 

The .efficient solution of the  di f ference equation for  many plumes 
require t h e  f a s t  inversion of a tridiagonal matrix.  This is accomplished by.. 
t h e  tr iangularization and back substi tution sparse  mat r ix  technique of Gerald  
( 1970). The di f ference equation for  any level k can be represented 
symbolically by 

where  bk repr,esents .coefficients below t h e  diagonal,  dk a r e  on diagonal 
e lements ,  a k  a r e  fo r  e lements  above t h e  diagonal,  and a k  a r e  t h e  constant  
vector.  The dif ference equation can be res ta ted  using t h e  mat r ix  notation 

where  E is t h e  tridiagonal mat r ix  with known coefficient;  F is a. column 
vector  of unknowns, CJk; and G is a vector of knowns involving Clk. The 
solution can be wri t ten  as 



or performing the ~triangularization of equation (14) t o  obtain 

and then back substitutibl  to get 

where i and k a r e  vertical levels, j is the  t ime  s tep  index, and n is t he  
t o t a l  number of levels. 

8.1.2 Grid Specifications 

The grid system used in the  AIRSOX model is based on a polar stereo- 
graphic projection, t rue at 60° N lati tude and aligned with the  80° W 
meridian (Jenne,  1970). The x, y ,  z axes a r e  oriented nominally east-west,  
north-sou th , and vertically, respectively. The horizontal grids, which vary 
with lati tude, a r e  approximately 32 km (38.1 km at 60°N latitude); this grid 
i s  the  same as National Meteorological Center grid with one-tenth of t he  
grid size. AIRSOX is a multi-layered model t ha t  can have any number of 
levels but which typicaly uses 12 levels above the  ground, i.e., 2,  20,. 100, 
200, 300, 400, 500, 600, 700, 800, 900, and 1000 m (see Figure B-1). The 
s i ze  of the vertical grid at a specified level is a function UL the  vertical 
levels above and below the level, i.e., A zk = f (zk- l ,  z ~ + ~ ) .  The lower 
th ree  grid cells have varying vertical spacing; t he  vertical grrd sizes above 
and centered at the  200-m level have a fixed spacing. The uppermost grid 
cel l  is limited by the  mixing height (in the  example shown, 1000 m). 

8.1.3 Source Locations 

For the purpose of matr ix  generation, specific ernission source locations 
within each Air Quality Control Region a r e  specified for each category of 
sources. These are based on potential inverltorlcs o f .  actual  sources. 
Figure B-2 shows the  inventory source locations used in 'generat ing utility 
matrices. For the 28 Air Quality Control 'Regions where no actual  sources 
were included in the inventory, an additional hypothetical source was located 
at the centroid of the Air Quality Control Regions (not shown in the  

. . figure). Figure B-3 shows the inveritory sources used in generating industrial 
source mat rkes .  Again, additional hypothetical sources were added for the  
29 Air .Quality Control Regions tha t  had no source. . . 

For area sources, a hypothetical source was located iri the  centroid of 
t h e  country with the highest population in each Air Quality Control Region. 
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Note: Locations of u t i l i t y  sources 
used to generate the BNL matrices 
are shown. Those AQCRs which had 
no known u t i  1 i t y  sources were 
represented by a single source 
a t  the i r  centroids (not shown). 

FIGURE B-2, UTILITY SOURCE LOCATIONS - BNL MODEL 



Note: Locations o f  u t i l i t y  sources 
used to generate the BNL matrices 
are shown. Those AQCRs which had 
RO ItRCmn u2l l l  ty Soiirces were 
represented by a single source 
a t  their  centroids (not shown). 

FIGURE B-3. INDUSTRIAL SOURCE LOCATIONS - BNL MODEL 



APPENDIX C. PACEIC NORTHIKEST NATIONAL LABORATORY 
LONG-RANGE TRANSPORT MODEL 

C. 1 MODEL DESCRIPTION 

The Pacific Northwest National Laboratory ( PNL) long-range transport, 
transformation, and removal model was developed by Wendell et al. ( 1976). 
The model was adapted by Eadie and Davis (1979) t o  produce AQCR-to- 
AQCR (Air Quality Control Region) transfer matrices for emitted fine parti- 
culates, employing several techniques to  reduce the computational 
requirements. 

C. 1.1 Calculation Grids 

Ttre grid sys l t t~~ l  ir l  Ll~e PWL lul~l;-~crrlge 111ude1 adopted for this program 
is based on the National Meteorological Center ( NMC ) Northern Hemisphere 
grid. The NMC grid is a regularly spaced grid laid out on a polar stereo- 
graphic projection. The PNL advection grid (see Figure 5-7) upon which 
layer-averaged winds are mapped every 12 hours is a subset of the NMC grid 
and spans the United States and adjacent areas. The dimensions of the PNL 
grid are 14 NMC grid units in the x direction and 12 NMC grid units in the 
y direction with the  origin a t  x = 13.0 and y = 4.0. The sampling grid upon 
which pollutant air concentrations and depositions are  predicted has linear 
dimensions one-tenth the advection spacing, making a 140 x 120 array of 
grid squares. The precipitation data that is used in the wet-removal calcula- 
tions in the model is also mapped on the sampling grid. The sampling grid 
spacing is approximately 38 km a t  60°N and 32 km at 3 p N  latitude. 

C.1.2 Transport Calculations 

Trajectories a re  simulated for plume elements released hourly from an 
emission source location. The unit emission rate at the source position 
determines the initial respirable particulate mass of each plume element. 
Subsequent horizontal transport of these plume elements is in hourly steps 
using the layer-averaged winds at each advection-grid intersection point. An 
objective analysis scheme developed for mesoscale purposes (Wendell, 1972) 
interpolates wind data in space and t ime t o  provide the hourly winds a t  each 
particle position. The current transport scheme has no vertical component. 
It  is assumed that the concentrations of respirable particulates a re  averaged 
over a t ime period in which the  effects of vertical atmospheric processes 
can be adequately expressed by the parameterized vertical component of dif- 
fusion and by the mixing depth constraints. It is also assumed that  the ef- 
fects of vertical transport on horizontal transport cnn bc neglected over the  
long assessment t ime period. 

C. 1.3 Diffusion and Diffusion Constraints 

The following assumptions a re  made regarding atmospheric diffusion: 

Horizontal diffusion is a function of synoptic-scale wind variation 
only. Tennekes (1974), Bolin and Persson (19751, and Prahm and 



Christensen (1977) support  this  assumption. All state t h a t  e i ther  
horizontal  turbulent diffusion around t h e  plume cen te r  line is 
relat ively unimportant or t h a t  it is less important than plume 
meandering. 

The vert ical-turbulent diffusion paramete r i t a t ion  is a function of 
s tabi l i ty  in a specified diurnal cyc le  for  al l  plume elements  within 
t h e  day t ime  mixed layer o r .  t h e  nocturnal  s t ab le  layer. 

The depth  of t h e  dayt ime mixed layer is represented by a diurnal 
cyc le  in which a dayt ime layer increases from a minimum depth 

. at sunrise t o  a maximum depth in t h e  afternoon. A nocturnal  
layer  builds t o  a lower depth. 

Depth of t h e  boundary layer (mixed layer in day t ime  or  nocturnal  
l ayer )  fo r  each hour determines which of two  vert ical  dispersion 
regimes -- mixed layer or above mixed layer -- will be applied t o  

, a given plume element .  Those e lements  released within t h e  depth  
of t h e  layer expand according t o  t h e  s tabi l i ty  of t h e  hour. Those 
released above t h e  current  depth of t h e  layer expand as if t h e  
a tmosphere  were  extremely stable.  An exception t o  this method 
occurs  when releases have expanded t o  t h e  maximum depth of t h e  
mixed layer during t h e  previous day; in this case, the i r  expansion 
continues according t o  a fixed function of t ravel  t i m e  independent 
of s tabi l i ty  or  layer depth. 

Depth of t h e  mixed layer provides a vert ical  con2traint f o r  re- 
leases at heights within this layer. The depth of t h e  nocturnal  
boundary layer does not serve  as an.  analogous constraint .  Carson 
( 1973') supports this assumption by depicting t h e  mixed-layer depth 

' as a furiction t h a t  increases during t h e  day t ime ,  then loses i t s  
definition. This picture is in re la t ive  agreement  with modeling 
resul ts  by Venkatram and Viskanta ( 1976) and  with exper iment  re- 
sul ts  by Kaimal et al. (1976) who find t h a t  about 1 hour before 
s u n s e t ,  t h e  convective layer disintegrates ra ther  abrupt ly ,  al- 
though remnants  of t h e  capping inversion persist through t h e  
development of t h e  nocturnal  boundary layer. 

At  . t h e  present s t age  of model development,  t e r ra in  e f f e c t s  a r e  
neglected.  

Diffusion equations a r e  best explained by relat ing them t o  final 
concentra t ion and deposition calculations where  t h e  average ground-level a i r  
concentrations over grid square  (i,j! a r e  given by summing t ime-integrated 
concentra t ions  ( in tegrated over the  t i m e  in terval  ( ~ t ) )  and dividing by to ta l  
assessment t i m e  (T). Thus, 



w h e r e  Axijm is t h e  t ime- integrated,  ground-level a i r  concentra t ion over ( i , j )  
f o r  a pollutant carr ied  by each plume element  ( m )  t h a t  is located over ( i , j )  
at t i m e  ( t ) .  

At  t h e  end of each sampling in terval  (At ) ,  A X  ij, is computed fo r  t h e  
pollutant  of each plume e lement  t h a t  is on t h e  grid by 

where  

Qm ( t )  is t h e  mass  carr ied  by m at t 
All i s  t h e  area ol ( i  , j )  
7, is t h e  ver t ica l  distribution f a c t o r  for  m calculated by assun.lir~g 
GhuSSiCin 'ver t ~ c a l  distri butlon madif ied by reflection from t h e  ground 
and f rom t h e  t o p  of t h e  mixed layer. 

If t h e  vert ical  const ra int  height is L and t h e  e f fec t ive  s t ack  height .is 
H, is 

where  (az), is t h e  ver t ica l  s tandard deviation fo r  plume e lement  m. 

If a, i s  smal l  compared t o  L ,  . the  t e rm represented by t h e  e n t i r e  
summation over k may be neglected. If a, is approximately equal t o  o r  
l a rger  than L , t h e  ver t ica l  distribution is approaching ~mif  armity . Theref o r e ,  
ins tead of calculating Z-I by a wasteful  summation,  Z is set equal to I,: 

L is t h e  height of a ref lect ion e f fec t ive  for  t ranspor t  at height, H. 

In the  model,  t h e  depth  in m e t e r s  of t h e  day t ime  mixed layer (Ld) is  
given by 

Ld (th) = 200 + 1300 sin [0.05n(th-6)] 

when 

6 5 ths18 

and t h e  depth of t h e  nocturnal  boundary layer (R,) i s  given by 



when 
18 < th < 30 

where th  is  t h e  hour of t h e  day unless t h  is greater  than 24, in which case 
t h  is  specified as t h e  hour of t h e  day plus 24 t o  provide a continuous 
function. 

. These . fo rmulas  were  drawn up t o  approximate graphic results  given by 
Carson (1973). They ,  a r e  advanced only fo r  purposes of t h e  calculations of 
t h e  PNL model because t h e  typical  dayt ime mixed layer increases f rom 200 
m at sunrise t o  1500 m by l a t e  af ternoon,  and a nocturnal  boundary layer 
develops t o  about  400 m. 

All plume elements  not spread beyond t h e  mixed-layer depth  (L) 
expand vert ically as a function of t r ave l  distance. The increase  of a, i s  
ca lcula ted using 

where S. indicates tha t  t h e  derivative differs according t o  t h e  stabil i ty t h a t  
i s  specified hourly in t h e  model. 

The formulas thus di f ferent ia ted a r e  . t h o s e  of Eimutis and Konicek 
(1972). if H is g rea te r  than the  mixed-layer depth  (Ld o r  B ~ ) ,  whichever 
applies at t h e  t i m e ,  t h e  plume elments  expand a t ,  t h e  r a t e  of 60 percent  of 
t h a t  for  Pasquill Stabil i ty 6 (Powel l .  et al., 1979a). This expansion r a t e  
resul ts  because mixing by mechanical  turbulence is not e f fec t ive  above t h e  
mixed layer; ' t he re fore ,  t h e  r a t e  of ver t ica l  expansion is minimal. 

All plume elements  t h a t  have expanded .ver-tically t o  fill  t h e  mixed 
layer at i t s  maximum depth  a r e  .released f rom t h e  mixed-layer const ra int  at 
sunset  when t h e  boundary layer s t ruc tu re  collapses. These puffs expand at a 
function of t i m e  according to: 

where K, is t h e  ver t ica l  diffusivity. 

Hef f te r  a m d  Ferber (1975) recommend a value of 5 m2/s fo r  K,. The 
plume e lements  not subject  t o  t h e  mixed-layer const ra int  a f t e r  sunset  ~ n c l u d e  
a lmost  al l  those  emi t t ed  during t h e  previous 24 hours. Because these  plumes 



a l l  have t h e  s a m e  ver t ica l  .distr ibution at sunset ,  taken t o  be 1800 hours, 
t h e y  a r e  all assigned a common value of t ,  12 hours. If Ldm is  t h e  maxi- 
mum depth of t h e  mixed layer at t h  = 18 fo r  each  of these  plume e lements ,  
then  

A Gaussian plume calculation with aZ = Ldm yields t h e  s a m e  ground 
concentra t ion as calculations for  event ly  distr ibuted plumes over a layer of 
dcp th  Ldm. Furl l~er  plume expansion in t i m e  in terval  ( a t )  i s  given by 

The dayt ime plume expansion is i l lustrated in Figure C-1. The plume 
at t h e  bot tom l e f t  is a low-level re lease ,  which expands at a ' r a t e  cor- 
responding t o  t h e  s tabi l i ty  of t h e  hour' t o  a height not g rea te r  than t h a t  of 
t h e  mixed-layer depth. Far the r  t o  t h e  r ight ,  an  e levated plume, which 
expands very slowly so  t h a t  i t  does not contr ibute  t o  su r face  concentrations,  
is released above t h e  mixed layer. Above both plumes,  t h e  depth  of t h e  
boundary layer is shown by Ld. At  a la te r  hour when Ld rises above t h e  
s t a c k ,  t h e  second plume will also expand according t o  t h e  stabil i ty of t h e  
hour. Above Ldm, a z  of a plume re lease  on a revious day is shown. This 
plume expands at the r a t e  given by Equation ? 8 ) ,  an expansion r a t e  t h a t  
r e f l e c t s  the  e f f e c t  of convection averaged over a 2Q-hour period at t h e  
higher levels. 

The hourly s tabi l i ty  a r ray  used for  t h e  diurnal cyc le  generally allows 
f o r  s t ab le  conditions at night,  unstable conditions in t h e  af ternoon,  and neu- 
t r a l  conditions in t h e  transit ion hours. The portion of t i m e  a l lo t ted  t o  each 
classif ict ion corresponds t o  a n  average climatology of stabil i ty over t h e  
United S ta tes  based on t h e  work of Doty et al. (1976). During unstable 
hours in t h e  af ternoon,  al l  plume e lements  quickly become evenly distr ibuted 
throughout the  mixed layer. 

C. 1.4 R.emoval Mechanisms 

The renioval of respirable par t icula tes  f rom t h e  a tmosphere  by dry and 
w e t  deposition a r e  calcula ted by a set of ordinary linear differential  
equations tha t  a r e  solved for  each  plume element.  These equations assume 
t h a t  
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Dry removal r a t e  is obtained by multiplying t h e  deposition velocity 
by t h e  vert ical  distribution f a c t o r  2-1. 

Wet removal r a t e  i s  a function of t h e  local  precipitat ion ra te .  

The following definitions a r e  used in t h e  equations: 

O ( t )  = Mass of respirable part iculates in a plume e lement  at t i m e  
t ( IJg) 

~ ( t )  = Mass deposited f rom a plume element'  up t o  t i m e  t ( ~ g )  

d = Coeff ic ient  of d ry  deposition (hr-  1) 

w = Coeff ic icnt  of wet depositior, (hr-  1) 

, Given t h e  above definitions , 

Solutions of these  equations a r e  expressed by t h e  change of mass for each 
plume element  ( m )  over the  advection t i m e  ( a t )  and by t h e  mass t o  be 
deposited over grid unit ( i , j )  from m over. t h e  s a m e  t i m e  interval ,  usually 
1 hour. . 

The calcula ted deposition is expressed in terms of mass per m e t e r 2  per 
month. Thus, t h e  monthly .deposition (F) applying to i , j  may be wri t ten  sc, 

where  Y is 1 month in units of T,  and  AF~J ,  is t h e  deposition of pollutant ,  
mass  per unit area, over  t i m e  interval  (At )  over grid squre  i , j  because of 
plume e lement  ' m  at t i m e  (t). 

d j m  ( ~ t ; t )  is a more  comple te  notation for  t h e  deposited mass. The 
Dijm a r e  divided in to  dry  and wet  deposition: 



. - where  ~ ~ j ,  ( a t ; t )  i s  given by 

where  

is  t h e  deposition velocity 
Z,(t) i s  t h e  ver t ica l  distribution f a c t o r  for  m \ 
pll ( t )  is t h e  precipitat ion r a t e  at t over grid i , j ,  and X and n a r e  
precipitat ion scavenging parameters  

The model current ly  assumes t h a t  G, X , and n a r e  constants.  

Relating Equation ( 12). t o  Equation ( 15) yields 

A constant  value for  each of these -  parameters  ' w a s  se lected even 
though they  a r e  al l  known t o  vary in  space-  and t i m e  with changing physical 
conditions. 

The paramete r  values chosen for  t h e  model test case a r e  

where  ~ i j ( t )  i s  in mm per hour. 

The dry- and wet-removal parameters  were  se lected to approximate  t h e  
removal from the  a tmosphere  of emi t t ed  part iculates in t h e  respirable s ize  
ranges of approximately 0.1 to 3.0 um dia.. The dry  deposition velocity of 
0.23 c m  per sec is somewhat larger than t h e  0.1 c m  per sec of ten  se lected 
as a mean value for su l fa te  aerosols (Gar land,  1978), but is well within t h e  
range of measured .values for  f ine  part iculates (Droppo and Doran,  1979). 
The wet-removal parameter izat ion was derived by Scot t  and Dana (1979) 
(also S c o t t ,  1978) f o r  su l fa te  aerosols, on t h e  assumption t h a t  subcloud- 
su l fa te  aerosol acts as cloud-condensation nuclei and is removed by t h e  



accretion process. This parameterization was applied t o  emit ted particulates 
in the  respirable size range on the  assumption that these also serve as  
cloud-condensation nuclei (Pueschel 1976; Parungo et al. 1978). 

C. 1.5 Precipitation Averaging 
\ 

In the  assessments for this report,  hourly precipitation .is available for 
use. However,. where a large number of sources a r e  used or a large t ime 
period is involved, the  computer cost becomes prohibitive. Therefore, a . 
technique tha t  allows the use of average precipitation was used. This tech- 
nique uses the average precipitation r a t e  tha t  occurs during precipitation 
events. Precipitation is turned "on" for the  average period of precipitation 
and "off" for the average. period of no precipitation. For the entire assess- 
ment  period for this report,  a value of 3 hours of precipitation out of every 
120 hours was chosen, based on a rough averag6 of values presented by 
Henmi and Rciter ( 1978). 

C.2 GRID POINT ASSESSMENTS 

C.2.1 General 

In general, assessments a re  usually carried out at source points. 
However, because of the large number of sources ( the  centroids of the 
238 AQCRs) and the  expense of running the  long-range transport model, an 
alternative approach was tried using fewer source points. This alternative 
approach was t o  run the  assessments for sources at grid intersects on the 
advection grid. Then, a f te r  weighting these grid point assessments on the  
basis of the inverse square of the distance from the grid point t o  the  source 
point at the  centroid of an AQCR, the weighted assessments were super- 
imposed on the source and added together,  forming an estimated assessment 
at the  source point. 

The assessment grid points a r e  shown in Figure 5-7. Because there a r e  
86 points, there is a factor  of * 3 fewer assessments t o  run. In general, the 
regular spacing of the NMC grid is used. There a r e  four exceptions -- one 
point is used in Maine, two points in Flordia, and one point in California. 
Two points (Maine and California) a r e  located at the half -grid spacing both 
in x and y ,  whereas two points in Florida a re  located at the half-grid only 
in x. The reason these arlrliticmal grid points wcrc chosen is that ptecipi- 
tation effects  for the local region would not have shown up on the  advection 
grid spacing. If points on the  regular grid had been chosen, the  points 
would have been over water where no precipitation would be included. 
Although the  two points in the upper left-hand corner of Figure 5-7 a r e  over 
water ,  these points are close enough to shore t o  bc covered by tlre hourly 
precipitation grid a r ea ,  and theref ore ,  precipitation effects can be seen. 

C.2.2 Test Cases 

At  the present t ime,  t he  method used for testing whether more grid 
point assessments a r e  needed has been through direct comparison of an 
assessment at a source point versus t he  weighted grid point assessment from 
the  surrounding four grid points. 



Two test .cases for comparison have been made using meteorological 
da ta  for July 1974. The first  test is for a single source located in the  Four 
Corners region. Figure C-2 shows the  source location and the  four sur- 
rounding NMC grid points used to  interpolate t he  grid point assessments t o  
t h e  source. 

The pattern of the air concentrations from an assessment run at t he  
source point is quite similar t o  the  air '  concentrations from the est imated 
assessment from the  four NMC grid points, although there  a r e  some dif- 
ferences. When the  centerline values were compared, ratios of these values 
generally ran between 0.5 t o  2.0. In t he  single-source assessment, a large 
low appears in Wyoming. In the  four NMC grid point estimated assessments, 
there  a r e  low values in Wyoming, although these values a r e  a factor  of 10 
higher than the  source values. In south-central Montana, factors  as high as 
50 occur between the  two patterns. Greater  differences occur in t he  
deposition patterns; however, t he  overall mass balances for t he  Four Corners 
single-source and grid point comparison a r e  essentially t he  s a m e -  (see 
Table. C- 1 ). 

Table C-1. Mass Balances for Single Source Four Corners Test ( h i y  1974) 

Percent  of Par t iculate  Emissions 
Four Corners Four Corners 

Final Par t iculate  Location Single Source. Grid Est imate  

Airborne--remaining over grid a 8.31 7.88 
Total deposited 82.79 82.9 1 
W e t  deposition only 53.92 54.10 
Transported off grid 5.49 6.13 
Dropped a f te r  remaining 

airborne for 200 hr 3.40 3.09 

The second test was for multiple sources in the  western United States  
for a Regional Issues Identification Assessment (RIIA) utility 1985 particulate 
analysis. The test focused on the  e f fec t s  of using average precipitation 
lnsread of hourly precipila tion for a multisourcc assessment. Work performed 
by Davis using a single source (1979a) has shown tha t  t he  mass balance is  
approximately t he  same when using the  average precipitation and turning i t  
ltonll and "offf1 based on the  average dry t ime  and the  average wet time. 
Because work was not performed previously using multiple sources, a run was 
made using the  multiple sources used in t he  RIIA utility 1985 particulate 
assessment for July 1974 (Figure C-3). The results using t h e  interpolative 
four-point technique for an estimated assessment for hourly precipitation and 
for average precipitation show patterns tha t  a r e  virtually t he  same. 

The biggest differences in t he  assessments a r e  in t he  depbsition pat- 
terns for t he  hourly precipitation and for t h e  average precipitation. The 
reason for this difference is that  when precipitation is  generally infrequent, 



Note: Open c irc le  i s  location o f  
source in Four Corners region of 
Sou'thwest . Crossed c irc les  are 
the locations of the grid-point 
pseudo-sources used in the model. 



Note: Concentrations computed from 
R I I A  Ut i l i ty  1985 scenario using 
hourly precipitation for  wet removal 
and July 1974'meteoro'log~. 

J 

-.-- 0.1 (mi crograms/cubi c meter) 



s ix  t o  seven events  per month fo r  this s tudy,  t h e  deposition pa t t e rn  is 
heavily influenced as t o  when and where  precipitat ion occurs. Over longer 
t i m e  periods, th is  e f f e c t  would be expec'ted t o  average out.  

C.3 THE AQCR ASSESSMENTS 

As a result  of favorable comparisons shown in t h e  test cases, a 
decision was made t o  use t h e  grid-point assessment technique fo r  an +assess-z 
m e n t  of monthly average respirable par t icula te  f ields e m i t t e d  f rom all  t h e  
AQCRs contained in t h e  48 contiguous states. The basic .model pa ramete rs ,  
as well as t imes over which t h e  model was run for  these  assessments,  is 
shown in Table  5-3. By using t h e  grid-point technique,  4 months of assess- 
ments  at 86 grid points were  made instead of only 1 month of assessments 
at 238 source  points, due t o  cost. 

'The 86 grid points were 1.lserj t o  e s t i m a t e  clcscssmcnts for a SOU IT^ a1 
Llle ci t .~~l~*uid ol each AQCW. Hller t h e  assessments were  made ,  t h e  e f f e c t  
of one AQCR on another  AQCR remained t o  be evaluated.  

C.4 GENERATION O F  AQCR-TO-AQCR MATRICES 

C.4.1 Population- Weighted Averaging 

To accomplish t h e  population-weighted averaging over receptor  AQCRs 
of the  monthly average  respirable par t icula te  f ields f rom e m i t t e r  AQCRs , 
t w o  files on t h e  BNL computer  system were  in tegrated to produce a f i l e  
containing t h e  i and j coordinates of t h e  grid boxes in t h e  PNL 32-km grid 
sys tem that.&e wholly or  part ial ly within each AQCR. Associated with each 

o f  the  grid boxes contributing t o  a given AQCR is a population-weighting 
f a c t o r  equal t o  t h e  population in t h e  grid box residing within t h a t  AQCR 
divided by t h e  t o t a l  population residing within t h a t  AQCR. 

. . 
One of t h e  BNL fields contains for each  of the  grid h x e s  in t h e  BNL 

32-km grid sys tem within t h e  continental  United States a list  of counties by 
Federai  Information .Processing StSndards (FIPS) County Code t h a t  l i e  wholly 
or partially within t h e  grid box. For each  grid box, t h e  population residing 
within t h a t  box i s  given for  t h e  years ,1970, 1975, 1980, and 1990, as well 
as the  f ract ional  population contribution fo r  each county fo r  each of those  
years. A second BNL f i l e  contains a l ist  of counties within t h e  cont inenta l  
United S t a t e s  by FIPS County Code ,  along with state abbreviation,  county 
n a m e ,  and AQCR number. The f e w  counties in t h e  United S t a t e s  tha t  span 
t w o  AQCRs were  assigned in each case only t o  t h e  one AQCR t h a t  contains 
t h e  larger portion of t h e  county. 

By using t h e  , county-level information f rom both BNL fi les and taking 
in to  account t h e  slight differences in origin and dimensions between t h e  PNL 
and BNL grid sys tems ,  it was possible t o  develop an assignment of grid 
,boxes in t h e  PNL grid t o  t h e  pseudo-AQCR and a population weighting 
f a c t o r  for each gr.id-box. assignment. The sum of t h e  population weighting 
f a c t o r s  over t h e  grid boxes assigned t o  .each pseudo-AQCR equals unity. The 
BNL populations projections fo r  t h e  year 1985 form t h e  basis for  t h e  init ial  
population weighting f o r  t h e  PNL grid. 



To calcula te  t h e  population-weighted average over a receptor  AQCR of 
t h e  monthly average respirable par t icula te  f ie ld  from an emi t t e r  AQCR, t h e  
respirable par t icula te  concentration at every grid box assigned t o  the  r e c e p  
tor  AQCR is multiplied by t h e  population weighting factor .  The result ing 
product is summed over t h e  grid boxes assigned t o  the  receptor  AQCR t o  
compute  a population-weighted average over the  receptor  AQCR. This pro- 
cedure  is repeated for  every combination of emi t t e r  and receptor  AQCRs t o  
develop an  interregional,  long-range transport  mat r ix  for respirable 
par t i  culates. 

Results  

Four monthly average matr ices  were  produced using meteorological  d a t a  
fo r  t h e  months January,  April,  July ,  and October  1974. There can be 
considerable variation in t h e  mat r ix  e lements  from one month t o  another as 

.presented in Table  C-2,  where t h e  monthly variations a r e  shown for, some 
representa t ive  AQCRs. Missing d a t a  in Table C-2 means  t h a t  t h e r e .  was no 
t ra jec to ry  f rom the  source at the  centroid of t h e  e m i t t e r  AQCR t o  any of 
t h e  grid cells  tha t  contr ibute  t o  t h e  receptor  AQCR during t h a t  month. 
Very small  mat r ix  e lements ,  such as  for receptor  AQCR # I 4  and e m i t t e r  
AQCR /I65 in October  1974, ar ise  when t h e r e  were  not enough t ra jector ies  
f rom the' e m i t t e r  AQCR t o  the  receptor  AQCR for the  monthly average 
concentra t ion over the  receptor  AQCR t o  be a real is t ic  number. In these  
cases, as in t h e  cases of missing d a t a ,  t h e  monthly mat r ix  e lement  should 
be considered t o  be. zero. 

It will be seen in Table  C-2,  although t h e r e  a r e  s o m e  month-to-month 
variat ions in t h e  diagonal e lements ,  these  diagonal e lements  fo r  t h e  
4 months can be averaged together  t o  produce a reasonably representa t ive  
average mat r ix  e lement .  When t h e  receptor  AQCR is at s o m e  distance from 
t h e  emi t t e r  AQCR, considerably more  monthly variations a r e  seen in t h e  
m a t r i x  e lements ,  with differences of several  orders of magnitude between 
monthly values somet imes the  case. In these  cases, 4 months of 
meteorological  d a t a  may not be enough t o  obtain an average value t h a t  is 
reasonably representa t ive  of a climatological average.  . 



Table C-2. Monthly Va r ia t i ons  i n  Long-Range Transport  AQCR-to-AQCR M a t r i x  Elements* 
f o r  Respi ra r l l e  P a r t i c u l a t e s  as Ca lcu la ted  Using Meteor01 og i ca l  Data; From -Four Months i n  1974 

--- Receptor AQCR 
1 4*- 1 8** 

- 
January Apr i 1 J u l y  October January Apr iil J u l y  October 

.634x10-~ .572x10-~ .684x10-~ .550x10-~ .315x10-~ .343x10-~ .303x10-~ .126x10-~ 
-- - --- -- - --- .437x10-~ .149x10-' .677x10-' .242x10-'~ 

.486,x10 -4 .583x10-~ .167 x 1 0 - ~  .105x10-~ .994x10-~ .678x10-~ .191x10-~ .564x10-~ 
--- -- - --- .144x10-~ . 8 0 l x l O - ~  .189x10-~. .370x10-~ .378x10-~ 

* Monthly averag. over receptor  AqCR of r e s p i r a b l e  p a r t i c u l a t e  a i r  co!ncentrations i n  micrograms 
per  cubic meter, r e s u l t i t l y  from 1.~0 k i l o t o n  per year emission from 3 source a t  c e n t r o i d  o f  
emi t t e r  AQCR . 

** Counties included i n  AQCR: 
14: . AZ Apache, AZ Conconino, A i  Navajo, AZ Yavapai ,' CO Archuleta, CC1 Dolores, CO La P la ta ,  

CO Montezuma, CO San Juan, NM McKinley, NM San Juan, UT Emery, LIT Gar f ie ld ,  UT Grand, 
UT Iron,,. UT Kane, UT San Juan, UT Washington, UT Wayne. 

18: AR Cr i t tenden,  MS De Soto, TN Shelby 
36: CO Adam, CO Arapahoe, CO Eoulder, CO Clear Creek, CO Denver, CCl Douglas, CO G i l p i n ,  

CO Je f fe rson 
65: I L  Fu l ton ,  I L  Hancock, 1L Hendcrsen, I L  Knox, I L  McDonough, I L  Mason, I L  Peoria, I L  Tazewell, 

I L  Warren, I L  Woodford, IA Des Moines, I A  Lee. 
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