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Abstract 
   
Ozone [O3] in the downwind plume of the urban corridor of 
Western Washington occasionally exceeds US federal standards, 
with near-surface temperatures as the highest correlant  
[R^2 > 0.80].  Both measurements and models suggest a signi- 
ficant role of biogenic hydrocarbons, and a low efficiency 
for reducing peak downwind O3 through further reductions of 
urban hydrocarbon and NOx emissions. 
 
  
I. Introduction 
 
From a regulatory perspective, the central issue of ozone  
synthesis and transport is the extent to which changes in  
urban emissions of volatile organic carbon compounds [VOC]  
and nitrogen-oxides [NOx] may affect the peak and 8-hr-maximum 
O3 concentrations in downwind urban plumes.  Issues that relate 
to this are the fractional contributions to O3 synthesis of 
anthropogenic and biogenic VOCs, and of mobile and stationary 
sources of nitrogen oxides. 
 
In this talk I discuss the implications of carbon-isotope 
measurements in urban Atlanta, of measurements of speciated VOC 
and NOx in Atlanta and in the urban and downwind plume of 
Seattle, and the application of these data to a one-dimensional 
modeling study of photochemical synthesis and transport. 
 
 
II. Carbon Isotopes and O3 Synthesis: 
 
Carbon isotope ratios have been measured in afternoon, summer- 
time VOCs collected at Georgia Tech campus in urban Atlanta, 
from which it was estimated that 17% of these carbon atoms were 
biogenic [Klouda, et al, 1996].  In separate measurements at 
the same site and season, but in different years Cardelino and 
Chameides [1990] used gas chromatography and mass-spectrometry 
[GC-MS] to identify about 54 VOC species, of which they 
quantified about 35. 
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I have taken these later data with published relative rates by 
chemical species, weighted by the numbers of carbon atoms per 
molecule, for reactions of the type 
 
 R-H + HO --> R + H2O                [1] 
 
to estimate the ratio of relative rates for this reaction 
by biogenic and anthropogenic VOC carbon atoms to be about 
2.5:1.   If reactions of this type are rate limiting for O3 
photosynthesis, as is approximately so, then the expected 
fraction of O3 that is from biogenic VOCs would be about  
 
          F(biogenic) ≈ 17% x 2.5 m>~~~ 40%.  
    
in summertime Atlanta afternoons. 
 
 
III. Speciated VOC Measurements in the Pacific Northwest 
 
In a series of summer campaigns here in the Northwest, Harold 
Westberg and colleagues at Washington State University [1996]  
have quantified about 44 VOC species at both urban and rural 
sites, using GC-MS and other chromatographic techniques that 
also recover some of the partially oxygenated organic carbon 
species.  I have analyzed these data in a number ways, with an 
eye on the relative contributions to O3 synthesis by rural and 
urban hydrocarbons [Harrison, 1996]. 
 
1.  Dilution/Reaction Ratios 
 
Averaging the VOCs into family groups, and taking ratios between 
an "upwind" urban site [Beacon Hill, Seattle] and "downwind" 
rural sites [Kent, Enumclaw, and Federation Forest], one gets: 
 
        Table I 
 Beacon   "Downwind"   type 
 ---------------------------- 
 1.00      0.35        alkanes 
 1.00      0.21        alkenes 
 1.00      0.24        alkynes [acetylene] 
 1.00      0.31        aromatics 
 1.00      1.24        terpenes 
 1.00      0.54        not identified 
 1.00      0.36        total non-methane 
  
 
What stands out in this table is that all species diminish along 
their downwind trajectories, except the terpenes [isoprene, alpha 
and beta pinenes], which are emitted into the air along the 
transport trajectories from city to rural sampling sites.  The 
characteristic reaction times of aromatics [benzene, toluene, 
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xylenes, ..], under photochemically active conditions is 10-12 
hrs, somewhat longer than the transport times [6-8 hrs] from  
Beacon Hill to the "Downwind" sampling sites.  Thus, the 
fractional diminution for these species [0.31] approximates 
the dilution fraction along the transport trajectories. 
 
The characteristic time for photochemical reaction of the terpenes, 
however, is short [≈ 2-4 hrs] compared with the transport times.   
Thus, the relative contribution per carbon atom of terpenes to 
aromatics [most of the VOC carbon atoms are aromatics] to reactions 
of equation [1], assuming linear injection of the former along the 
transport trajectories, is about 
 
 R = [1.24/0.31] * 2.5 * 1/2 ≈ 5  
  
The absolute concentrations of the terpenes at the downwind  
sites were about 7% [of carbon atoms].  Thus, the fractional  
net reactivity of the biogenic VOCs with HO radicals is by this 
argument about: 
 
 F(biogenic) = 7% * R ≈ 35% 
  
The difference between this number and that from the isotope 
measurements [40%] is smaller than expected errors. 
  
   
2.  Apparent Latent Heats of Vaporization, Lv|A 
  
For the a following section of this talk it will be useful now to 
summarize the apparent latent heats of vaporization of the VOC's  
measured at Enumclaw, one of the downwind sites, defined as: 
 
 Lv|A = RT^2 * d[ln X]/dT      [2] 
  
In [2], R is the gas constant, X the VOC species of interest, and 
T the absolute temperature.  The reader may wish to remember that 
the word "apparent" is important here, owing to the complex 
interactions of temperature with the emissions, transport, and 
reactions.   
 
I have separately evaluated these Lv|A for each of 44 VOC's, using 
the daily peak temperatures of the 21 days' observations, and have 
averaged these by chemical family as: 
 
 
    Table II 
    Lv|A [kcal/mol]    type 
    ---------------------------------- 
  7.2  +/- 1.3    all VOCs 
       3.3  +/- 1.2    alkanes 
  0.3  +/- 2.1    alkenes 
      12.9  +/- 2.1    aromatics 
      12.9  +/- 2.1    terpenes 
      12.9  +/- 1.6    ozone  
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The low values of Lv|A that characterize the alkanes and alkenes in 
this table suggest that these species were NOT in quasi-equilibrium 
with a condensed phase.  The central point of the table, however, 
is that the concentration dependences of the aromatics, terpenes, 
and O3 were indistinguishable from one another, with respect to 
changing temperatures.  This affects the next section, where I 
discuss some correlations between O3 and separately speciated VOCs. 
 
 
3.  Some Correlations  
 
I have performed a variety of moderately sophisticated statistical 
tests and exercises on the VOC and O3 data, coming back in the 
end to simple pairwise correlations as the most revealing and least 
obscure.  Of these, the correlation between peak daily temperatures 
and peak downwind O3 [at Enumclaw] dominates all efforts at 
variance partition, with 
 
 R^>2 = 0.82 +/- 0.05  
  
This overwhelming effect of temperature substantially obscures 
further efforts to extract meaningful insight from other variance 
partitions among O3 and the individual VOC and NOx species. 
 
But perhaps not totally.   
 
In a later section of this talk I shall describe some photo- 
chemical modeling that suggests only moderate net effects of 
temperature on the chemical rates [1.1 kcal/mol], and that the 
largest effect of temperatures may be through modulation of the  
VOC emissions, both urban [through gas-tank "burping"] and rural 
[through biogenic emissions of terpenes].  If this is so, then 
temperature appears to be a surrogate variable that subsumes the 
collective variance of the complicated physics associated with 
emissions [primarily], transport, and chemistry. 
 
In an effort to make some progress along these lines I have 
performed sequential linear regressions of O3, as the dependent 
variable, successively with NOx and each of the VOCs, to discover 
that the most significant correlants at the several sites were: 
 
 Table III 
 Site         Tracer       R^>2   Net R^>2 
 ---------------------------------------- 
 Beacon       RND          0.11      0.00 
 Kent [AM]    a-pinene     0.44      0.30 
 Kent [PM]    isoprene     0.34      0.20 
 Enumclaw     isoprene     0.56      0.42 
      Federation   isoprene     0.37      0.23 
 Weyerhauser  RND          0.14      0.00 
 Orting       ethylbenzene 0.46      0.32 
 Wynoochie    2-me-pentane 0.44      0.34 
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In Table III, the entries under "Tracer" indicate the predictor 
variables that most correlated with O3 [after temperature was  
removed from the predictor set], the third column lists the 
coefficients of determination, and the last column corrects these 
for net degrees of freedom.  The predictor variables were selected 
among the 45 chemical "predictors" [44 VOCs + NOx], plus an equal 
number of random arrays [labeled “RAN” in Table III], as producing  
the highest pairwise correlation with O3, at the specified sites.   
The standard errors in the net R^2 of each of the 90 correlations  
varied between 0.05 (for the random variables], 0.07 (for most of the  
VOCs), and 0.11 (for NOx). 
 
Noting again that the predictors labeled "RND" were one of 45 test 
arrays created of random numbers, Table III shows that no signifi- 
cant chemical variable at Beacon and Weyerhauser correlated more 
highly with O3 than did one of these nonsense arrays.  [The Beacon 
site uniquely reported morning measurements, before the afternoon 
photochemical O3 maxima.  Measurements at other sites were in 
afternoons.] 
 
Evidence from this and other studies suggests that Weyerhauser 
and Orting may be sniffing nearby industrial and automotive 
sources.  The site at Wynoochie Dam [on the Olympic Peninsula] 
was selected for this study as "background".  While the 
absolute levels of VOC's at this site were low, this variance 
analysis suggests that the Wynoochie site also was affected by 
nearby cars. 
 
What is remarkable in Table III, however, is that at the three 
"downwind" sites [Kent, Enumclaw, and the Federation Forest], 
and only at these sites, one of the three terpenes [of 44 VOC 
species, NOx, and 45 random arrays] was revealed as most highly 
correlating with O3 [0.2 < R^>2 < 0.4 +/- 0.07].  And no other  
VOC correlated significantly with the residues of the O3 vectors 
after removing the variances associated with those terpenes. 
This was so despite the indistinguishable Lv|A of O3, the 
aromatics, and terpenes.  Thus, it appears that the regressions 
of Table III capture some "real" predictive power of O3 
variance by the biogenic terpenes, mainly isoprene, that is not 
merely uncompensated residues of temperature effects. 
 
4.  An Approximate Variance Partition 
 
Correlations do not necessarily infer cause-and-effect.  [The 
removal of temperatures as a predictive variable in the regressions 
of the previous paragraphs depends on assuming that temperature 
fluctuations are surrogate for other physics, and not directly 
causative of O3 variance.]  Further, variances are not additive, 
unless the predictor variables are mutually orthogonal, which was 
not the case here.  Despite these very cautionary remarks, 
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I have attempted a rough variance partition, guided by guess and by 
golly, and with added intuition from orthogonalized factor analyses 
that I have not described here, to suggest something like: 
 
     Table IV 
     Renormalized variance attributions 
     to O3 synthesis at "downwind" sites 
  
       %     Correlant                      
      ------------------------------------ 
      20     terpenes, mostly isoprene     
      30     other VOCs                    
      30     other temperature-modulated physics     
      20     unexplained                   
    >---- 
     100% 
  
Note in this table that the 20% of O3 variance attributed to 
terpenes is the lower limit of Table III, that the fractional 
contribution of the biogenic VOCs is 20 / [20 + 30) ≈ 40%, and  
that the total of all VOCs and "other temperature-modulated 
physics" accounts for 80% of the O3 variance, as was observed. 
Among the "other" temperature effects are the chemical rates 
and meteorological correlants such as cloud-free skies [that 
enhance the photochemical rates] and stagnant high-pressure air 
with light winds and poor boundary-layer ventilation. 
   
 
IV.  Photochemical Models 
 
Brian Lamb, who spoke with us this morning, and other investigators 
have exercised photochemical models to simulate O3 production in 
downwind plumes [an eclectic and non-exhaustive list of interesting 
papers might include: Chang et al, 1996; Levy et al, 1997; 
MacKenzie et al, 1991; Roselle et al, 1991; Simpson, 1995; Vogel  
et al, 1995.]  I have also entered this game with a Generic OZone 
Model [GOZMOD] that simulates O3 production and transport along a 
one-dimension array. 
 
GOZMOD assumes two distinct types of VOCs and their source 
functions, one identified with anthropogenic emissions from an 
upwind urban cell, and the other with biogenic emissions emitted 
along a transport path of sequentially downwind cells.  About 25 
chemical and physical rate equations [with 55 processes and rate 
coefficients] are integrated simultaneously for each of [typically] 
13 cells, with varying time steps that are always less than 90 
seconds, over two simulated days.  The program runs in about 3 
cpu minutes on a 133 Mhz, Pentium-S PC.  Many other details and 
assumptions of GOZMOD are too complex and lengthy to describe here 
conveniently, but I warmly welcome less formal discussion of them. 
 
 



 7 

 
GOZMOD generates a LOT of numbers, and some discipline is needed 
to compress these into fewer, useful generalizations.  Among these 
are: 
 
1.  It is difficult to generate O3 exceedances in the downwind 
    cells without significant rural sources of biogenic VOCs, 
    about 2-4% of the emission rates [per unit land area] of 
    the urban, anthropogenic VOCs.   
 
2.  About 20-60% of the HO reactivity with VOCs is associated 
    with the biogenic fraction [at the 2% emission rate], increasing 
    with downwind distance from the urban core.  O3 maxima are 
    observed in cells 6-8 hours downwind of the urban core, where 
    about 40% of the HO reactivity is biogenic. 
     
3.  After maxima 6-8 hours downwind of the urban core, the 
    O3 peaks subsequently broaden faster than they decline: 
    that is, replacing a one-hour average O3 exceedance 
    standard with an 8-hr standard shifts the exceedances 
    into the further downwind cells.     
     
An advantage of GOZMOD .. indeed, it was crafted with this advantage 
in mind .. is that computation times are short enough on cheap 
machines to permit complete sensitivity analyses, wherein each 
coefficient and assumption may be separately perturbed, with the 
effect noted on the changes in maximum O3 in whatever downwind 
cell.  I have performed such a [nearly] complete sensitivity 
analysis with -5% perturbations of a standard model, on [nearly] 
all the coefficients and assumptions, with interesting results 
summarized in Tables V and VI: 
 
 
  Table V 
  Temperature Sensitivies  
                                         %/degK       S   Lv|A 
  ------------------------------------------------------------ 
  chemical rates only                     0.618   1.891   1.14  
  chemical rates + biogenic emissions     2.964   8.981   5.41 
  chemical rates + all emissions          5.199  15.753   9.48  
 
 
Here and elsewhere, the sensitivities are defined as: 
 
     S = d[ln(Peak downwind O3)]/d[ln(Parameter)] 
      = fractional change of peak O3 per fractional change  
        of the parameter 
      
 and Lv|A = S * RT    
       = S * 0.60 [kcal/mol] 
       
 
Note in Table V that most of the temperature sensitivities of 
O3 is affected by the emission functions, with a relatively 
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small effect from the chemical rates.  [This conclusion diverges 
somewhat from standard wisdom.]  Note further that GOZMOD presently 
UNDERestimates the measured Lv|A of 12.9 kcal/mol. 
 
   
     Table VI     
     Other processes                             code       S 
     -------------------------------------------------------- 
     NO2     +  hv   -->  NO     +   O(3P)       R(10)  0.345   
     HO      +  NO2  -->  HNO3                   R(32) -0.311   
     sources of urban hydrocarbons               qHCu   0.297  <-- 
     RHu     +  HO   -->  RO2    +   H2O         R(1)   0.274 
     horizontal transport time [1/wind velocity] Tadv   0.273   
     sources of rural hydrocarbons               qHCr   0.243   
     NO      +  O3   -->  NO2    +   O2          R(16) -0.180 
     NO      +  HO2  -->  NO2    +   HO          R(9)   0.148   
     mixing time with ambient background         Tmix   0.123 
     CO      +  HO   -->  CO2    +   HO2         R(8)   0.094 
     HO rel-reactivity of rural/urban VOCs  R(biogenic) 0.088 
     HO2     +  O3   -->  HO     +   2O2         R(18) -0.087 
     RHr     +  HO   -->  RO2    +   H2O         R(2)   0.072 
     RHCO    +  HO   -->  R(CO)OO                R(45) -0.069   
     HO2     +  HO2  -->  H2O2   +   O2          R(25) -0.065 
     sources of urban carbon monoxide            qCOu   0.051 
     O3      +  hv   -->  O(1D)  +   O2          R(12)  0.050 
     source of urban NO                          qNOu  -0.030  <-- 
     RHCO    +  hv   -->  RCO    +   HO2         R(5)   0.026 
     R(CO)OO +  NO2  -->  PAN                    R(47) -0.017 
     R(CO)OO +  HO2  -->  RHCO    +  2O2         R(49)  0.014 
     PAN             -->  R(CO)OO +  NO2         R(48)  0.014 
     NO2     +  O3   -->  O2     +   NO3         R(19) -0.011 
     RHCO    +  HO   -->  RCO    +   H2O         R(24)  0.011 
     equil vapor pressure of HNO3                eqHNO3 0.010  
     O(1D)   +  H2O  -->  HO     +   HO          R(14)  0.010 
     .............................................    < 0.010 
      
In Table VI the entries are ordered by decreasing |S|.  RHu  
denotes the urban VOCs, and RHr the rural biogenics.  The 
columns with R(14), etc., label model rate coefficients.  Other 
symbols, I hope, should be decipherable.   
 
Note that the largest sensitivity of this set is 0.35, and that 
only 9 of the 60+ parameters in GOZMOD affect the peak downwind O3 
with |sensitivities| exceeding 0.10.  Obviously, attention should 
be paid to getting these right. 
 
Note also that the sensitivity of peak downwind O3 to urban VOC 
emissions is 0.3; that is, for every percent of reduction [or 
increase] of urban VOC emissions, we can expect only 0.3% of 
reduction of downwind peak O3.  Or, conversely, if we require 
a 10% reduction of the latter, GOZMOD asserts that we must 
effect a 33% reduction of the former.   
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V.  Discussion  
 
It's time to quit, so let's make this brief: 
 
I have discussed some observations and presented a model that 
suggest about 40% of downwind O3 is associated with biogenic 
hydrocarbons, that the 8-hr O3 standard is likely to shift 
exceedance loci further downwind, and that control of O3 
exceedances by further reduction of urban VOCs will be a tough job. 
 
The estimate of ≈40% of peak O3 associated with biogenic VOCs  
is on the high end of the current consensus, where values 
nearer to 25% are more commonly quoted.  I am not prepared to 
accept that consensus, and judge the difference as central to 
any debate about wise control strategies for rural smog. 
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