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Improved Air Quality Simulations for San 
Joaquin Valley 

¡  Significant challenges air pollution and health for “SJq.” Air 
quality has resisted some improvements seen in LA and S. 
Coast 

¡  Poor pulmonary health in the central cities (Fresno) is well 
known 

¡  Out-of-compliance for both ozone and particles (PM2.5) 
¡  A very large amount of time, effort (and confusion) is taken in 

assessing “exceptional events,” particularly with fires  (these 
situations can combine some fire with other influences) 
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Our main cooperatinging 
client is  California-Air 

Resources Board 

 

Ajith Kaduwela 
Manager Regional Air Quality Modeling Section 
California Air Resources Board 
Sacramento, CA 

ARB Team 
Ajith Kaduwela, lead modeler 
 
 
Chenxia Cai*  
      principle CMAQ modeler 
Sarika Kulkarni, developing WRF  
 

Ames Team 
… Robert Esswein, analyst/programmer 
Hanwant Singh, analysis/emissions-
composition 
Vince Ambrosia, James Brass 
 – fire behavior 
 
Matthew Thomas – implement lofting 
Robert Chatfield - “Lord High Everything Else” 

Other advisors/providers: 
Edward Hyer (Monterey NRL – 
emissions) 
Christine Wiedenmyer, NCAR – 
FinnV1 emissions 

Clearly,	  most	  collabora/on	  	  
is	  by	  video-‐con	  



From Ajith Kaduwela 4 

Wild Fire 
Emissions 

Focus of this presentation:  
Speciation of emissions 
     (back to, and from ARL 1) 

Other work:  
• Plume rise into CMAQ: ARL 2, 
pending ARB timing needs 
•Emissions location and 
strength: ARL 3: specified 
• 1 publication in revision, 1 in 
draft stage 



July 1, 2009 ARCTAS-CA Data Analysis Workshop 5 
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Ajith Kaduwela 
Identified “clean: strong plumes 6 

June 20, 2008 

Terra/MODIS 18:55 UTC 
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Good Emissions for Western Fires 
(1)  What do Western f i re -modelers need? 

 
Intermediate Combustion Efficiency:   
High Aromatic / Alkene Emissions Group 

Species or Parameter R2 Emission 
Factor 

molecule 
/atom C 

t-value Pr(>|t|) Rel Var 
City / 
Burn 

N of 
points 

CH3CN 0.84 0.16 14 2.2e-16 0 39 
CO 0.5 58 5.3 6.4e-06 5.6 39 
CH4 0.74 16 10 1.4e-12 0 39 
HCHO 0.71 2200 9.7 9.8e-12 0 39 
Furan(+Isoprene) 0.92 170 19 2.2e-17 0 30 
Benzene_PTRMS 0.67 170 8.9 1.1e-10 0 39 
Toluene_PTRMS 0.64 75 8.3 5.1e-10 0 39 
Methanol_PTRMS 0.89 2100 18 8.4e-20 0 39 
ACETALDEHYDE_PTRMS 0.62 720 7.7 5.6e-09 0 37 
Acetone_PTRMS 0.81 500 13 4.9e-15 0 39 
MVK.MACR_PTRMS 0.67 84 6 2.2e-06 7 30 
Isobutane_TOGA 0.74 9.6 9.6 8.5e-11 0 33 
Butane_TOGA 0.82 34 12 2.5e-13 0 33 
Isopentane_TOGA 0.45 14 5.3 1e-05 0 33 
Pentane_TOGA 0.84 16 13 2.7e-14 0 33 
Isoprene_TOGA 0.011 8.5 1.2 0.26 0 31 
Benzene_TOGA 0.85 160 13 2.6e-14 0 33 
Toluene_TOGA 0.85 89 14 1.1e-14 0 33 
Ethylbenzene.m.p.xylene_T 0.87 16 15 2.1e-15 0 33 
Methanol_TOGA 0.78 1400 11 5.2e-12 0 33 
Ethanol_TOGA 0.56 99 6.5 3.4e-07 0 33 
Acetaldehyde_TOGA 0.84 800 13 4.5e-14 0 33 
Acetone_TOGA 0.79 390 11 2.1e-12 0 33 
Propanal_TOGA 0.85 85 13 2.1e-14 0 33 
MEK_TOGA 0.91 64 18 6.9e-18 0 33 
Methacrolein_TOGA 0.2 25 3 0.0051 0 33 
Methyl.Vinyl.Ketone_TOGA 0.076 15 1.9 0.066 0 33 
butanal_TOGA 0.81 14 12 5.5e-13 0 33 
mtbe_TOGA 0.089 0.11 2 0.051 0 33 
Chloromethane_TOGA 0.075 4.3 1.9 0.067 0 33 
Chloromethane_TOGA 0.075 4.3 1.9 0.067 0 33 
Chloroform_TOGA 0.29 0.46 3.7 0.00078 0 33 
Dichloromethane_TOGA 0.46 1 5.3 9.2e-06 0 33 
Tetrachloromethane_TOGA 0.12 0.15 2.3 0.026 0 33 
Bromomethane_TOGA 0.48 0.37 5.5 4.8e-06 0 33 
Acetonitrile_TOGA 0.75 61 9.9 3.7e-11 0 33 
PNs 0.77 360 9.5 8.9e-10 0 27 
ANs 0.68 150 6.7 1.5e-06 0 22 

Not  fire 
emissions 
(this fire 
type) 

These do 
determine how 
fires may 
contribute to smog 
ozone, 
 
… and how fire 
emissions interact 
with other 
emissions 
 
High ozone may 
often be a 
combined natural 
& controllable 
phenomena 

It seems fairly dull:   some long tables 

Note:  
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Good Emissions for Western Fires 
(1)  What do Western f i re -modelers need? 
 

 

Emissions estimates that match conditions of Western fires: 
• “Lab” or small-fire sampling: many advantages: great control of fire 
type. 
 
• Emissions inferred from actual concentrated fire plumes  
—  at an interval of ½ to 2 hours from emission 
— match fuel types and conditions of “typical” fires, or even the fires used 
for SIP modeling and inference 
— may well be more defensible in litigation (less extrapolation) 
— interpretation of secondary products (aldehydes, organic nitrates) 
allows an accounting of “un-measurables”  (A. Goldstein. Personal 
communication, submitted*) 
 
 
 
 Park., J-H., A.H. Goldstein, J. Timkovsky, S. Fares, R. Weber, J. Karlik, R. Holzinger, Active Atmosphere-Ecosystem 

Exchange of  the Vast Majority of  Detected Volatile Organic Compounds, Science, Vol. 341 no. 6146 pp. 643-647, 
doi: 10.1126/science.1235053, 2013.  
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Good Emissions for Western Fires 
(2)  Using actual  p lumes (sampled by aircraf t )  
raises unsuspected problems 

 

The	  requirement	  to	  relate	  to	  C	  introduces	  complexity	  	  

We must provide “emissions factors” (related directly to fuel burned) 
rather than uninterpreted  “emission ratios” 
 
 
(a)  Very reactive emissions have reacted! Not so much a problem 
—  remember, at a distance of ½ to 2 hours 
But: this can be checked by looking for trends as plume intensity 
increases) 
And: policy-relevant three-d models smooth out these details anyway, so 
is it best to provide “emissions factors” at the right scale.  
 
(b) We must use C as the conserved quantity that is related directly to 
the dry fuel biomass,  C ~ 0.52 (Dry Biomass)  
(CO is often used for emission ratios, but CO / C-burned is not constant!) 
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(3)  How to relate C-burned  to emission? 
First  we must denigrate some reasonable 
approaches 

 

The	  requirement	  to	  relate	  to	  C	  introduces	  complexity	  	  

The natural estimation is to use multiple regression for each target 
emission speces,      regressions relating  
 
   (target emission – target_background)  
        ~  b (C.burn.naive – C.b_background)  
 
where C.burn.naive = CO2 + CO as measured   
             good to within <1% as a description of the fate of actual burned 
fuel wood.  
            Regression relationships are not good: R2 < 0.5 often  

    Why ? 
 
 

C.burn.naive	  as	  	  
“tracer”	  
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Good Emissions for Western Fires 
T h e  r e qu i r e me n t  to  r e l a te  to  C  i n t r od uc e s  c omp l ex i t y !   

Other reasons CO2 + CO varies 

 

Low CO2 from 
vegetation  
photosynthesis, 
and high CO2 from 
respiration —  
large daily cycle 

High and Low CO2 
from inflowing air: 
West Coast air has very 
stratified filaments 
and often variable CO2 

 

Base-inflow (boundary- 
layer) air and air entrained  
into rising and advecting 
plume have variable CO2 
due to all these reasons  
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(3)  How to relate C-burned  to emission? 
First  … denigrate some reasonable approaches      

CO is very popular 

Evidence	  from	  this	  analysis…	  consistent	  with	  small-‐fire	  studies	  
CO	  as	  	  “tracer”	  
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Type          bfire   Vcity Vfire   R2

Smoldering     104  0.35   0.72
Low.VOC      61.7   1.6   0.38
High.Tol         57.7  0.18    0.5
Flaming         28.6   9.2   0.06
All                  88.4  0.66    0.6

CO   Low CO emissions from 
strong active flames 

Intermediate Hi 
Intermediate Lo 

Smoldering 
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(3)  How to relate C-burned  to emission? 
First  we must destroy some poor,  appeal ing 
appoaches that  have been used …  

 

Use another fire tracer like CO … very popular 
  but far too many other sources: autos, industries 
  and … not emitted equally from all fires. 
 
 
Much better relationships use    target ~ CH3CN  
(differences above background).  Estimate of the 
background does not give much error. 
 
Our early estimates, delivered to ARB in May, 2013, 
used CH3CN, and then related CH3CN to 
C.burned.naive and then to dry biomass.  
 

CH3CN	  as	  	  “tracer”	  

Low CO emissions from 
strong active flames 

Lower CH3CN emissions from 
wood than leaves, variable N 
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(3)  How to relate C-burned  to emission? 
First  … denigrate some reasonable approaches      

Acetonitrile, CH3CN appears good  

Evidence	  from	  our	  results	  …	  consistent	  with	  small-‐fire	  studies	  
CH3CN	  as	  	  “tracer”	  

More consistent emissions 
from all combustion 
conditions     1.5 (+.2, –.5) 

Intermediate Hi 
Smoldering 

However, CH3CN should 
depend on N content of 
fuels:  
Do Western Forest Fires have 
Variable N?  Chapparel ?? 
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Type          bfire   Vcity Vfire   R2

Smoldering   0.169  0.08   0.92
Low.VOC     0.135  0.19   0.84
High.Tol        0.156  0.19   0.84
Flaming        0.106   1.2   0.44
All                 0.156  0.24    0.8

CH3CN   

Intermediate Lo 
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(3) How to relate C-burned  to emission? 
A proxy created from CO2+CO 

”	  

So we create a proxy CO2 + CO that represent sources we 
can identify including some urban/industrial, and create 
a C-burned proxy excluding them but including emissions 
indicators: smoke properties enhance CH3CN 

      CO2 + CO multiple regression as a function of these variables 
Coefficients: 
                             Estimate Std. Error t value Pr(>|t|)     
(Intercept)                  381.7861     0.7469  511.18  < 2e-16 *** 
CH3CN                          4.9407     0.3211   15.39  < 2e-16 *** 
CCl4                            0.2749     0.0860    3.20   0.0018 **  
CH2Cl2                          0.0316     0.0216    1.46   0.1459     
Absorption/Scattering (1-SSA) 60.8265     8.3991    7.24  6.2e-11 *** 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
Multiple R-squared: 0.776   
 
Perfect reproduction of dependent variable (R2 = 1.0) not desired!   

Urb./Ind. 

Certain CO2 variations cannot be assessed easily: e.g., diurnal photosynthesis & respiration 



 Cer tain basic f ire types appear when we plot up ratios 
of “def ining” emissions 
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Toluene / CO 
Or 
Ethene / CO 

(1)  Simple “inefficiency” of burn has long been used  CO / (CO2 + CO) , often 
communicated as Modified Carbon Effiency = MCE =  1 – CO / (CO2 + CO) 

(2) We found a useful grouping using the ratio Toluene / CO  or   Ethene / CO 
Each ratio also extended to describe particle properties, e.g. “dark smoke” or 1 – SSA  

Toluene / CO 



Photo: 
Conard 

Photo: 
Conard 

Photo: 
NPS 

Smoldering 

Ground 

Flaming   crown fire 

Fire Regimes Vary Widely 

Flaming   crown fire: 
Note varied darkness 
of smoke 

Thanks, Amber Soja ! 



Significance	  for	  future	  	  
SIP	  photochemical	  modeling	  
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Type          bfire   Vcity Vfire   R2

Smoldering    2713  0.59    0.6
Low.VOC       759   4.1   0.18
High.Tol         2202  0.39   0.71
Flaming         1370     1   0.48
All                  2275  0.42    0.7

HCHO   

The second Toluene / CO classification distinguishes the highly reactive 
alkene and aromatic emissions  from  less reactive emissions like alkanes, 
acetone.   
Burning chemistry => controls => subsequent photochemistry 

Our particular 
dataset suggests 
that HCHO, a strong 
signal of radical-
producing 
photochemistry of 
VOC’s 
is higher when fire 
conditions produce 
Toluene-rich 
emissions: 

Intermediate Lo 

Intermediate Hi 
Smoldering 

Many non-flaming 
emissions are low 
radical-generators! 



Photos: Stocks and Soja 
What burns does matter. 



The science direction:   
These observations agree well  with lab-f ire and local-f ire descriptions of 
combustion types and burning chemistry 
(e.g. ,  Yokelson papers, esp. 1999, 2003,  Isobel,  2011, Akagi,  2011, and 
others) 
However:   Need checks against other f ire regions, other f ires in the far 
West and Intermountain regions, especially chaparal … then eastward ? 
 
The SIP/customer direction: 
Publication must precede fullest adoption (SIP modeling-based rationale) 
— we are  in draft-publication stage 
 
We should move over model-development / SIP cycles to identify rules for prescribing 
emissions categories and fractions 
 
flaming     …    low-reactive… high-reactive …  smoldering (most reactive) — fire type 
(dark smoke)           (lighter smoke)             (white-smoke)      —  SSA remote sensing? 
(crown fire)   (cooler “distillation” “aromatization”)     (residual)   —  FRP / fire reports 
 
 
 
 

Science and Applications Directions 



SIP Process 

E I Process 

SIP Process SIP Process 

E I Process 

We are here: 
2.5 + 2 

time (years) 

Complexity of User Requirements (complexons) Conclusion:    The Sysiphian Task  
of pushing up ARL’s  



Extra slides (THE END)  



¡  Flaming fires produce less smoke (scattering) and similar 
absorption: this causes the differences in SSA (darkness) 

Is dark smoke so polluting for chemistry 
or climate?   
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Type          bfire   Vcity Vfire   R2

Smoldering     141  0.42   0.68
Low.VOC       109  0.35   0.74
High.Tol          123  0.43   0.69
Flaming         13.9     7   0.09
All                   117  0.56   0.64

Total_Scatter.550_nm   
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Type          bfire   Vcity Vfire   R2

Smoldering    3.69  0.35   0.72
Low.VOC      2.13  0.56   0.63
High.Tol         3.56  0.23   0.81
Flaming         2.29  0.41    0.7
All                  3.19  0.29   0.77
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according to Vex = flux/ambient concentration,
and the diurnal trends were examined (16). On
the basis of this analysis, a 24-hour mean Vex in
M136-237 of –0.41 cm s−1 was the fastest dep-
osition rate, and the maximum hourly deposition
was between –1 and –1.5 cm s−1 for all groups.
During daytime, two Vex minima usually
appeared, first in the morning hours from 09:00
to 12:00 PST and second in the afternoon hours
from 14:00 to 17:00 PST. Surprisingly, slower Vex
in the hours from 12:00 to 15:00 was observed
for all groups (Fig. 3). This implies that direct
emission from the ecosystem and/or within-
canopy photochemical production reduces the
net deposition when both temperature and sun-
light intensity are at a maximum. Recently,
Karl et al. (11) observed deposition ofmethyl vinyl
ketone (MVK) and methacrolein (MACR) and a
few other OVOCs, including acetaldehyde, to
deciduous forests, but those accounted for only a
small fraction of what we observed as deposition.
In contrast to Karl et al.’s results, we observed
MVK and MACR to have bidirectional flux that
resulted in net emission. For these compounds,
we unambiguously observed emissions during
daytime, with small deposition in the early morn-
ing, and found excellent agreement with vertical
gradient observations performed simultaneously
at the site using a separate instrument (fig. S2)
(16). The exchange velocity range we observed
for the 186 depositing ions (Fig. 3) was generally
lower or at the low end of the values reported
above deciduous forests (11).

In contrast to our molar-basis analysis above,
when considering carbon mass flux, the heavier
ions observed are generally more important. We
estimated carbon mass fluxes for each group by
conservatively assuming 2, 5, 10, and 15 carbon
atoms on average for ions in the groups M31-69,

M69-136, M136-237, and M237-1278, respec-
tively. Our estimated carbon emission from the
sum of all 484 observed ions (842 mg C m−2

hour−1) is 2.8 times as large as the sum of the
10 major compounds (294 mg C m−2 hour−1),
and the estimated carbon deposition was twice
as large (Fig. 2, C and D) as the net emission of
the 10 major compounds, suggesting that car-
bon mass flux of these 484 ions is even more
substantial on a carbon mass basis than on a mo-
lar basis. This estimate is conservative and likely
an underestimate because more carbons may be
expected in each class than the carbon numbers
we assumed, and another fraction of carbon is
not accounted for owing to fragmentation in the
PTR-TOF-MS (16). The estimated total emis-
sion of the M31-69 group was the largest, and
estimated total emissions decreased as the m/z
group number increased. The deposition was
almost equivalent among the four groups except
for M69-136, for which the deposition was
slightly lower (Fig. 2D and table S1) (16).

We used the high–mass resolution molecular
weight observations to identify chemical formu-
las for 162 observed hydrocarbons and oxidized
hydrocarbons by selecting the ions exceeding
S/N = 3, smaller than m/z 237, and consisting of
only carbon (C), hydrogen (H), and oxygen (O)
atoms within a mass range tolerance of T3 mD
(table S2) (16). The 24-hour mean total net flux
for these 162 identified ions contributed 77%
to the total on a molar basis. Using the molec-
ular formula from 152 ions identified (excluding
10 dominant ions), we calculated carbon mass
fluxes and summarized them in groups of pure
hydrocarbons (CxHy) and oxygenated hydrocar-
bons containing one, two, and three or more
oxygen atoms (i.e., CxHyO, CxHyO2, CxHyO3+).
A 24-hour mean net emission flux of 426 mg C

m−2 hour−1 was estimated, and the total net flux
of 152 ions accounted for about one-third of the
total (Fig. 4, left pie chart). Pure hydrocarbons
(CxHy; n = 40) constituted 15% of the total car-
bon flux of these 162 ions, and ions containing
one to three or more oxygens (CxHyO: n = 30;
CxHyO2: n = 44; and CxHyO3+: n = 38) contrib-
uted 12.7, 3.2, and 1.8%, respectively. Although
the summed flux of these 152 ions was a net
emission of 139 mg Cm−2 hour−1, it is instructive
to look separately at the contributions of oxy-
genated hydrocarbons and pure hydrocarbons
to the estimated total emissions and depositions.
For estimated total emission in each category,
oxygenated hydrocarbons were dominant, but
pure hydrocarbon (CxHy) emission was individ-
ually the largest, followed by CxHyO, CxHyO2,
and CxHyO3+, indicating that the vast array of
unknown VOCs were either photochemically
produced below the measurement height or di-
rectly emitted from the ecosystem, andwere larger
than the emission of the 10 dominant and com-
monly measured compounds. Thus, this fuller
range of compounds provides an extremely im-
portant contribution to the total observed emis-
sions (Fig. 4). Moreover, we also estimated greater
deposition fluxes for oxygenated hydrocarbons
(71%) than for pure hydrocarbons (29%), and
CxHyO2 deposition exceeded CxHy deposition
(Fig. 4). This result is consistent with the idea that
less-oxygenated VOCs are emitted from the eco-
system,whereas secondary compounds produced
through atmospheric photochemical process and
containing more oxygen atoms are preferentially
removed by dry deposition.

Our results show that the mass balance of
VOCs in the orange orchard ecosystem is high-
ly incomplete when considering only emission
and deposition of commonly measured dominant

Fig. 4. Flux contribution by chemical composi-
tion. Individual VOC and VOC-group contribution to
the total flux for ions to which an empirical formula
has been attributed (162 ions) are shown in pie chart
on the left. The 10 major masses were specifically
identified, and the remaining 152 m/z ratios were
categorized by number of oxygens in the molecule as
CxHy, CxHyO, CxHyO2, and CxHyO3+. The two pie charts
on the right show the contribution of categorized ions
to the estimated emission (top) and deposition (bottom).
MBO, 2-methyl-3-butene-2-ol.
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