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Introduction

The latest Carbon Bond mechanism, Version 5 (CB-V), is now ready for use. CB-V is another step in the progressive development of the carbon-bond approach for producing “economical” yet comprehensive chemical mechanisms for simulating the formation of secondary atmospheric pollutants. This latest version, without significantly impacting computer resources or previously completed ozone attainment demonstrations, updates and expands the reactions contained in the extensively applied CB-IV mechanism by drawing on the latest evaluations of atmospheric reactions. CB-V provides a scientifically current treatment of the atmospheric chemistry that governs, for any seasonal condition and continental location, the formation of ozone (and other oxidants), the inorganic and organic constituents of fine particles, and air toxicants as well as the deposition of acidic and toxic substances. CB-V is designed to address the effects of precursor air emissions on ozone, PM, air toxics, visibility, acid deposition and water quality. Additionally, CB-V retains the unique Carbon Bond features of carbon mass balance and the ability to consistently handle a wide variety of organic molecules.

In the remainder of this technical memorandum, we first present highlights of the considerations that led to CB-V, the process followed for its development and some of its key features. The memorandum then documents the evolution of CB-V, starting with the changes made to CB-IV and concluding with a tabular summary of the 120 reactions that comprise CB-V. The memorandum concludes with a summary of results obtained using CB-V in UAM-V for an ozone simulation of a 14-state southeast region over a 9-day period (September 10—18, 1997). 

Highlights of CB-V

1. Builds on the success of CB-IV. CB-V extends the capability of CB-IV while remaining compatible with model-ready databases developed using CB-IV. Since its publication in 1989, CB-IV has been installed in many air quality models to simulate ozone formation throughout more than 50 metropolitan regions at all latitudes worldwide and for more than 150 different historical ozone episodes. These models have been the focus of manifoldly successful air quality planning projects. CB-V is compatible with those simulations. 

2. Addresses published critiques of CB-IV. Two separate articles (Hess et al.; 1992 and Siminaitis et al.; 1997) report that simulated ozone concentrations in smog chamber experiments are low compared to the observed concentrations under the lowest ratios of initial VOC to NOx concentrations. This apparent bias disappears in CB-V when the single aldehyde in CB-IV is replaced with two aldehydes: acetaldehyde and a surrogate for “higher” aldehydes. Another critique of CB-IV (Luecken, et al, 1999) noted that an intermediate radical species in aromatics chemistry could accumulate at low NOx conditions. CB-V incorporates a reaction between this intermediate radical species and the hydroperoxy radical to resolve this issue.

3. Up-to-date. Care has been taken to assure that CB-V is consistent with all currently available reviews of evaluated reactions for use in modeling atmospheric chemistry.

4. Retains the unique carbon mass balance feature of CB-IV. Unlike many other mechanisms, the Carbon Bond approach accounts for and conserves virtually all active carbon atoms available for smog formation from emissions through the chemistry all the way to formation of CO2. This feature is not only important for long time scales with transport over long distances, it is also important for comparing total ambient VOC data with simulated data at specific locations. The separation of three types of olefin bonds and two types of aromatics is also preserved in the Carbon Bond chemistry so that these generic classes of compounds can be compared with ambient measurements.

5. Employs a new NOx species to assure conservation of nitrogen and computational efficiency. The chemistry solvers used in many air quality models utilize quasi-steady-state-approximations for species such as NO3 and N2O5. However, under some conditions these species can typically cause either mass balance problems under some conditions or so-called “stiff” computational problems under other conditions. Quasi-steady-state can avoid the former but create the latter problem. A new species, which is also used in REMSAD, avoids both the stiffness and mass-balance problems simultaneously.

6. Extends the unique ability of Carbon Bond chemistry to handle molecules with multiple chemistries. Many VOC molecules have multiple reaction paths in the atmosphere: a molecule like styrene, for example, reacts like an olefin and an aromatic molecule. The Carbon Bond approach provides for both reaction paths. Other mechanisms, such as SAPRC or RADM, require that it (styrene) be treated as either an olefin or an aromatic molecule. The result is that some of the chemistry of styrene is lost, some of the carbon mass is either lost or gained (depending on the choice) and emissions processing has a special rule for styrene. CB-V, by increasing the number of species used in CB-IV, expands the number of possible ways to treat the variety of chemistries and reactivities found in current VOC inventories while conserving carbon mass and allowing the use of the same CB-IV emissions processing software.

7. Provides explicit treatment of key toxic compounds. The compounds 1,3 butadiene, benzene, formaldehyde, and acetaldehyde have special regulatory significance and are now explicitly treated; other explicit compounds can be added as needed.

8. Allows for separate anthropogenic and biogenic inventories. CB-V treats all biogenic emissions with two separate primary species (one for isoprene and one for terpenes), while all other primary species are considered anthropogenic. This Carbon Bond chemistry is also currently used in the REMSAD model.

9. Designed for the “one atmosphere” concept: To simulate in one model the effects of air emissions on ozone, PM, air toxics, visibility, acid deposition and water quality. Inorganic and organic reactions have been added to CB-V (compared to CB-IV and other mechanisms), which are important for simulating surface-ozone and other oxidants under any seasonal conditions. CB-V contains the same inorganic chemistry as in REMSAD and UAM-VPM, and inorganic and organic chemistries are suitable for all seasons and regions of the troposphere.

10. Recognizes SO2, like CO, as a precursor of ozone formation. SO2, like CO, is oxidized in the atmosphere by its reaction with the hydroxyl radical, which is regenerated to form sulfate. Reducing SO2 emissions, like reducing CO emissions, will lower ozone concentrations in ozone attainment demonstrations when CB-V is used with an inventory of SO2 emissions. 

11. Uses rate expressions that permit simulations over a wide range of pressures and temperatures. CB-V, unlike CB-IV, uses the equivalent of rate expressions rather than simple rate constants so that rate coefficients are suitable for all (urban, suburban, rural and remote) regions and seasons of the troposphere that might be encountered during an annual regional or continental simulation.

12. Does not significantly affect currently approved SIP programs or those in development. A recently completed simulation of a 9-day period over a 14-southeastern state region demonstrates that peak hourly ozone concentrations simulated with CB-V are within 5% of the corresponding values simulated with CB-IV when hourly values are between 100 to 124 ppb.

13. Does not significantly increase computational times. Recently completed comparisons between CB-V and CB-IV in a UAM-V multi-day, regional simulation show that computational times when CB-V is used are within 5% of those obtained when CB-IV is used.

14. Does not impact emissions inventory processing. CB-V uses virtually identical emissions processing software used for recent versions of CB-IV.

Background

Since the original publication of the CB-IV mechanism (Gery et al, 1989), there have been several reports of revisions to CB-IV. These changes, among others, are incorporated into CB‑V. 

The revisions leading up to CB-V included updates to the peroxyacetyl nitrate (PAN) chemistry (see Gery, 1994), additions to the radical-radical reactions (see Gery, 1994, and Yarwood and Burton, 1993), and new reactions for isoprene chemistry (see Whitten et al., 1996) based on the work of Carter (1996). Adelman (1999) provides extensive documentation of most of the revisions to the first versions of CB-IV
. Several of the original reports are available at the indicated web site. Moreover, Adelman has tested several of these revisions against some of the latest smog chamber experiments. 

Ligocki et al. (1992) extended CB-IV to explicitly treat several toxic species. This version, known as CB-IVtox, was initially used to assess urban concentrations of air toxics (viz., benzene, 1,3 butadiene, formaldehyde and acetaldehyde) from vehicle emissions. Ligocki et al. found that the most extensive changes to the organic chemistry of CB-IV (Gery et al., 1989) followed from the requirement to explicitly treat the toxic species acetaldehyde. In the original CB-IV, acetaldehyde was used as a surrogate species for all aldehydes with more than one carbon atom and internal olefins (which quickly react to form higher aldehydes). The explicit treatment of acetaldehyde in CB-IVtox alone necessitated the introduction of three new species: ALDX, a surrogate for aldehydes having 3 or more carbons atoms; PANX, a surrogate for PAN-like compounds with three or more carbons; and IOLE, to represent internal olefin bonds.

Initially, the modifications made by Ligocki et al. were believed not to have affected simulated ozone concentrations. Subsequently, however, it was discovered that higher aldehydes (i.e., more than two carbon atoms) photolyzed significantly faster than acetaldehyde to produce radicals (Heiklen et al., 1986, and Martinez et al., 1992), which would increase the formation of ozone. This indicated that while acetaldehyde may have been a poor surrogate to represent the higher aldehydes it (surrogate acetaldehyde) may also have provided too few radicals at the lowest VOC to NOx ratios. Coincidentally, two independent published studies (Simonaitis, Meagher, and Bailey, 1997, and Hess et al., 1992) claimed that the original CB-IV mechanism understated ozone concentrations at the lowest VOC to NOx ratios when tested against smog chamber data using comprehensive urban-like mixtures of VOC. The smog chamber database used by Gery et al. (1989) did not have similarly very low VOC to NOx ratios, and neither the individual organic compounds nor the various urban mixtures used to test the performance of the chemistry specifically addressed aldehydes higher than acetaldehyde. Hence, serendipitously, the revisions made by Ligocki et al. (1992) to treat acetaldehyde as an explicit toxic species, resulted in increasing ozone production, but only at the lowest VOC to NOx ratios where, according to the experiments of Hess et al. and Siminaitis et al., more ozone was needed. Ironically, Zaveri and Peters (1999), in publishing their revisions to CB-IV, incorporated some of the changes made by Ligocki et al. (such as IOLE) but unfortunately did not expand the carbonyls to separately address the higher aldehydes.

Another noteworthy study leading to CB-V is the work of Liang and Jacobson (2000), who compared the organic part of CB-IV against a 4,000-reaction mechanism used in European modeling. The inorganic reaction set used by Liang and Jacobson was the same for both the organic-CB-IV and the 4,000-reaction set. The CB-V provided in this memorandum also has some additions to the inorganic reaction set to be consistent with the work of Liang and Jacobson. For the most part, both the 4,000-reaction and CB-IV-reaction mechanisms gave similar results when used to simulate urban smog episodes. Liang and Jacobson noted significant differences, however, when the urban mixtures of volatile organic compounds (VOC) contained high concentrations of aromatic compounds. When mixtures were rich in aromatics, the CB-IV reaction mechanism was better at reproducing the observed ozone profiles than was the 4000-reaction mechanism. The ability of CB-IV to reproduce experiments with large amounts of aromatics is probably attributable to the empirically derived aromatic chemistry used in the original development of CB-IV (Gery et al. [1989]).

Carbon Bond, Version 5 (CB-V, Version 1.0)

A complete and detailed list of CB-V is provided in Table 1. (see end of memorandum for Tables). All inorganic and organic reactions are included. Table 2 lists the names of state and steady-state species used when CB-V is installed into UAM-V.

Demonstration of CB-V as Used in the UAM-V

The current version of CB-V has been installed into the UAM-V (v. 1.31) photochemical grid model and that model has been exercised for a multiday episode on a regional grid (see Figure 1), which was used in the 1-hour SIP-extension modeling analysis for Baton Rouge (Douglas et al., 2001). The chemistry used in the SIP was the CB-IV (the CB4-tox version). Although the full SIP modeling exercise involved three meteorological episodes, the CB-V demonstration involved modeling of one episode (September, 1997). The original performance statistics for the SIP work are reproduced here from Tables 6-2a, 6-2d, and 6-2e of Douglas et al. Figure 1 shows the modeling region and the localized grid regions mentioned in these tables. As can be seen in these tables, the original mechanism (plus inventory, wind model, etc.) performed well enough to be used in the SIP. Shaded areas show where the results did fail to meet the EPA recommended ranges for acceptable model performance.

Using the new CB-V chemistry (keeping everything else the same as used in the SIP modeling), the new performance results are presented in the tables labeled Table 6-2a—CB-V, Table 6-2d—CB-V, and Table 6-2e—CB-V. The results are similar, and marginally better. For example, as presented in Table 6-2a (12-km grids), modeling with CB-IVtox achieves EPA’s performance targets for five of the nine days Table 6-2a (non-shaded table entries); when CB-V was used, EPA’s performance targets were achieved on six days, a 20 percent improvement (Table 2a-CB-V, shaded entries). Similar improvements were achieved for the 4 km and 2 km grid resolutions (Tables 6-2d and Tables 6-2e, respectively). Comparing the results in Table 6-2d with those in Table 6-2d-CB-V shows that the number of days when the bias target is met increases from 7 to 8. Comparing the results for 2 km grid resolution (Table 6-2e with those in Table 6-2e-CB-V) shows that all of EPA’s performance targets are achieved when CB-V was used (there are no shaded entries in Table 6-2e-CB-V). Therefore, in the region critical and specific to the SIP (Grid D, with 2 km resolution)) the original Table 6-2e showed the modeling failed to achieve EPA’s performance target on one day but with CB-V all days exceeded EPA’s performance targets.

In other measures of performance (other than the number of cases that do not achieve EPA’s targets), the simulated ozone obtained using CB-V and CB-IVtox is very similar. However, when differences do occur they are most often in the direction of somewhat better performance for CB-V than CB-IVtox when the results of each are compared to observations. 

Figure 2 presents a comparison of all simulated hourly ozone concentrations of CB-IVtox with CB-V in all grid cells in which there are ozone monitors for September 14, 15, 16 and 17, 1997. The simulations are virtually perfectly correlated, indicating once again that the enhancements included in CB-V, while advancing its credibility and utility (to a broader range of conditions), do not appear to impact decisions previously made with CB-IV. 

Conclusion

There are three conclusions that follow from this demonstration.

15. CB-V has been installed and tested in the latest version of UAM-V (v. 1.31). The UAM-V is now ready to simulate other regions and episodes using the most recent chemistry available.

16. CB-V gives very similar results to CB-IVtox. Although box-model simulations have shown that either CB-IVtox or CB-V estimate higher peak ozone concentrations than the initial version of CB-IV at low VOC to NOx conditions, all three versions now generally appear to give similar results.

Because CB-V is close in performance to CB-IVtox and apparently CB-IV most of the time, past (SIP) ozone attainment demonstrations or other important studies using CB-IV or CB4-tox are not threatened or rendered significantly obsolete by this new chemistry.
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Table 1. Carbon Bond Mechanism, Version 5 (CB-V)

(See Note at end of table for information about symbols and names
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	Table 1. Carbon Bond Mechanism, Version 5 (CB-V) (continued)
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	44
	HO2
	+
	XO2N
	
	
	===>
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	45
	XO2
	+
	XO2
	
	
	===>
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	46
	XO2
	+
	XO2N
	
	
	===>
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	47
	XO2N
	+
	XO2N
	
	
	===>
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	48
	NO3
	+
	OH
	
	
	===>
	
	HO2
	+
	
	NO2
	
	
	
	
	
	
	
	
	

	49
	NO3
	+
	HO2
	
	
	===>
	
	HNO3
	–
	
	NOXY
	
	
	
	
	
	
	
	
	

	50
	NO3
	+
	NO3
	
	
	===>
	2
	NO2
	
	
	
	
	
	
	
	
	
	
	
	

	51
	NO3
	+
	h(
	
	
	===>
	0.89
	NO2
	+
	0.89
	O
	+
	0.11
	NO
	–
	0.1
	NOXY
	
	
	

	52
	FORM
	+
	O
	
	
	===>
	
	OH
	+
	
	HO2
	+
	
	CO
	
	
	
	
	
	

	53
	FORM
	+
	OH
	
	
	===>
	
	HO2
	+
	
	CO
	
	
	
	
	
	
	
	
	

	54
	FORM
	+
	NO3
	
	
	===>
	
	HNO3
	+
	
	HO2
	+
	
	CO
	–
	
	NOXY
	
	
	

	55
	FORM
	+
	h(
	
	
	===>
	
	HO2
	+
	
	CO
	
	
	
	
	
	
	
	
	

	56
	FORM
	+
	h(
	
	
	===>
	
	CO
	
	
	
	
	
	
	
	
	
	
	
	

	57
	ACET
	+
	O
	
	
	===>
	
	C2O3
	+
	
	OH
	
	
	
	
	
	
	
	
	

	58
	ACET
	+
	OH
	
	
	===>
	
	C2O3
	
	
	
	
	
	
	
	
	
	
	
	

	59
	ACET
	+
	NO3
	
	
	===>
	
	C2O3
	+
	
	HNO3
	–
	
	NOXY
	
	
	
	
	
	

	60
	ACET
	+
	h(
	
	
	===>
	
	FORM
	+
	2
	HO2
	+
	
	CO
	+
	
	XO2
	
	
	

	61
	O
	+
	ALDX
	
	
	===>
	
	CXO3
	+
	
	OH
	–
	1
	PAR
	
	
	
	
	
	

	62
	OH
	+
	ALDX
	
	
	===>
	
	CXO3
	-
	1
	PAR
	
	
	
	
	
	
	
	
	

	63
	NO3
	+
	ALDX
	
	
	===>
	
	CXO3
	+
	
	HNO3
	–
	1
	PAR
	–
	
	NOXY
	
	
	

	64
	ALDX
	+
	h(
	
	
	===>
	
	ACET
	+
	2
	HO2
	+
	
	CO
	+
	
	XO2
	–
	1.0
	PAR

	65
	C2O3
	+
	NO
	
	
	===>
	
	FORM
	+
	
	NO2
	+
	
	HO2
	+
	
	XO2
	+
	
	NOXY

	66
	C2O3
	+
	NO2
	
	P
	===>
	
	PAN
	+
	
	P
	–
	
	NOXY
	
	
	
	
	
	

	67
	C2O3
	+
	HO2
	
	
	===>
	0.26
	O3
	
	
	
	
	
	
	
	
	
	
	
	

	68
	C2O3
	+
	C2O3
	
	
	===>
	2
	FORM
	+
	2
	XO2
	+
	2
	HO2
	
	
	
	
	
	

	69
	CXO3
	+
	NO
	
	
	===>
	
	ACET
	+
	
	NO2
	+
	
	HO2
	+
	
	XO2
	+
	
	NOXY

	70
	CXO3
	+
	NO2
	
	
	===>
	
	PANX
	–
	
	NOXY
	
	
	
	
	
	
	
	
	

	71
	CXO3
	+
	HO2
	
	
	===>
	0.33
	O3
	
	
	
	
	
	
	
	
	
	
	
	

	72
	CXO3
	+
	C2O3
	
	
	===>
	
	ACET
	+
	
	FORM
	+
	2
	XO2
	+
	2.0
	HO2
	
	
	

	73
	PAN
	
	
	
	
	===>
	
	C2O3
	+
	
	NO2
	+
	
	NOXY
	
	
	
	
	
	

	74
	PANX
	
	
	
	
	===>
	
	CXO3
	+
	
	NO2
	+
	
	NOXY
	
	
	
	
	
	

	75
	PANX
	+
	OH
	
	
	===>
	
	ACET
	+
	
	NO2
	+
	
	NOXY
	
	
	
	
	
	

	76
	CH4
	+
	OH
	+
	
	===>
	
	FORM
	+
	
	XO2
	+
	
	HO2
	
	
	
	
	
	

	77
	PAR
	+
	OH
	
	
	===>
	0.87
	XO2
	+
	0.13
	XO2N
	+
	0.11
	HO2
	–
	0.11
	PAR
	+
	0.06
	ACET

	
	
	
	
	
	
	
	
	
	+
	0.76
	ROR
	+
	0.05
	ALDX
	
	
	
	
	
	

	78
	ROR
	
	
	
	
	===>
	0.96
	XO2
	+
	0.6
	ACET
	+
	0.94
	HO2
	–
	2.1
	PAR
	+
	0.04
	XO2N

	
	
	
	
	
	
	
	
	
	+
	0.02
	ROR
	+
	0.5
	ALDX
	
	
	
	
	
	

	79
	ROR
	
	
	
	
	===>
	
	HO2
	
	
	
	
	
	
	
	
	
	
	
	

	80
	ROR
	+
	NO2
	
	
	===>
	
	NTR
	–
	
	NOXY
	
	
	
	
	
	
	
	
	

	81
	ETH
	+
	O
	
	
	===>
	0.95
	FORM
	+
	1.55
	HO2
	+
	0.95
	CO
	+
	0.6
	XO2
	+
	0.35
	OH

	82
	ETH
	+
	OH
	+
	P
	===>
	
	XO2 
	+
	1.56
	FORM
	+
	0.22
	ALDX
	+
	
	HO2
	+
	
	P

	83
	ETH
	+
	O3
	
	
	===>
	1.02
	FORM
	+
	0.325
	CO
	+
	0.08
	HO2
	+
	0.02
	H2O2
	
	
	

	84
	OLE
	+
	O
	
	
	===>
	0.19
	ACET
	+
	0.29
	HO2
	+
	0.19
	XO2
	+
	0.2
	CO
	+
	0.2
	FORM

	
	
	
	
	
	
	
	
	
	+
	0.007
	XO2N
	+
	0.61
	PAR
	+
	0.3
	ALDX
	
	
	

	85
	OLE
	+
	OH
	+
	P
	===>
	0.71
	FORM
	+
	0.36
	ACET
	+
	0.59
	ALDX
	–
	0.71
	PAR
	+
	0.71
	XO2

	
	
	
	
	
	
	
	
	
	+
	0.95
	HO2
	
	
	
	
	
	
	
	
	

	86
	OLE
	+
	O3
	
	
	===>
	0.2
	ACET
	+
	0.86
	FORM
	+
	0.45
	XO2
	–
	1
	PAR
	+
	0.31
	OH

	
	
	
	
	
	
	
	
	
	+
	0.395
	CO
	+
	0.42
	HO2
	+
	0.32
	ALDX
	+
	0.08
	H2O2

	87
	OLE
	+
	NO3
	
	
	===>
	0.91
	XO2 
	+
	
	FORM
	+
	0.09
	XO2N
	–
	1
	PAR
	+
	0.35
	ACET

	
	
	
	
	
	
	
	
	
	+
	0.56
	ALDX
	+
	
	NO2
	
	
	
	
	
	

	88
	IOLE
	+
	O
	
	
	===>
	1.14
	ACET
	+
	0.76
	ALDX
	+
	0.1
	HO2
	+
	0.1
	XO2
	+
	0.1
	CO

	
	
	
	
	
	
	
	
	
	+
	0.1
	PAR
	
	
	
	
	
	
	
	
	

	89
	IOLE
	+
	OH
	
	
	===>
	1.2
	ACET
	+
	0.8
	ALDX
	+
	
	HO2
	+
	
	XO2
	
	
	

	90
	IOLE
	–
	O3
	
	
	===>
	0.6
	ACET
	+
	0.4
	ALDX
	+
	0.25
	FORM
	+
	0.25
	CO
	+
	0.5
	O

	
	
	
	
	
	
	
	
	
	+
	0.5
	OH
	+
	0.5
	HO2
	
	
	
	
	
	

	91
	IOLE
	+
	NO3
	
	
	===>
	1.09
	ACET
	+
	0.73
	ALDX
	+
	
	HO2
	+
	
	NO2
	
	
	

	92
	TOL
	+
	OH
	
	
	===>
	0.44
	HO2 
	+
	0.08
	XO2
	+
	0.36
	CRES
	+
	0.56
	TO2
	
	
	

	93
	TO2
	+
	NO
	
	
	===>
	0.9
	NO2 
	+
	0.9
	HO2
	+
	0.9
	OPEN
	+
	0.1
	XO2N
	+
	0.9
	NOXY

	94
	TO2
	
	
	
	
	===>
	
	CRES
	+
	
	HO2
	
	
	
	
	
	
	
	
	

	95
	CRES
	+
	OH
	
	
	===>
	0.4
	CRO 
	+
	0.6
	XO2
	+
	0.6
	HO2
	+
	0.30
	OPEN
	
	
	

	96
	CRES
	+
	NO3
	
	
	===>
	
	CRO
	+
	
	HNO3
	–
	
	NOXY
	
	
	
	
	
	

	97
	CRO
	+
	NO2
	
	
	===>
	
	NTR
	–
	
	NOXY
	
	
	
	
	
	
	
	
	

	98
	CRO
	+
	HO2
	
	
	===>
	
	CRES
	
	
	
	
	
	
	
	
	
	
	
	

	99
	OPEN
	+
	OH
	
	
	===>
	
	XO2 
	+
	2
	CO
	+
	2
	HO2
	+
	
	C2O3
	+
	
	FORM

	100
	OPEN
	+
	O3
	
	
	===>
	0.03
	ALDX
	+
	0.62
	C2O3
	+
	0.7
	FORM
	+
	0.03
	XO2
	+
	0.69
	CO

	
	
	
	
	
	
	
	
	
	+
	0.69
	CO
	+
	0.08
	OH
	+
	0.76
	HO2
	+
	0.2
	MGLY

	101
	OPEN
	
	
	
	
	===>
	
	C2O3
	+
	
	HO2
	+
	
	CO
	
	
	
	
	
	

	102
	XYL
	+
	OH
	
	
	===>
	0.7
	HO2 
	+
	0.5
	XO2
	+
	0.2
	CRES
	+
	0.8
	MGLY
	+
	1.1
	PAR

	
	
	
	
	
	
	
	
	
	
	
	
	+
	0.3
	TO2
	
	
	
	
	
	

	103
	MGLY
	+
	OH
	
	
	===>
	
	XO2
	+
	
	C2O3
	
	
	
	
	
	
	
	
	

	104
	MGLY
	
	
	
	
	===>
	
	C2O3
	+
	
	HO2
	+
	
	CO
	
	
	
	
	
	

	105
	ISOP
	+
	O
	
	
	===>
	0.25
	HO2 
	+
	0.25
	XO2
	+
	0.75
	ISPD
	+
	0.25
	CXO3
	+
	0.25
	PAR

	
	
	
	
	
	
	
	
	
	+
	0.5
	FORM
	
	
	
	
	
	
	
	
	

	106
	ISOP
	+
	OH
	
	
	===>
	0.912
	ISPD
	+
	0.991
	XO2
	+
	0.912
	HO2
	+
	0.629
	FORM
	+
	0.088
	XO2N

	107
	ISOP
	+
	O3
	
	
	===>
	0.6
	FORM
	+
	0.65
	ISPD
	+
	0.15
	ALDX
	+
	0.2
	CXO3
	+
	0.35
	PAR

	
	
	
	
	
	
	
	
	
	+
	0.266
	OH
	+
	0.2
	XO2
	+
	0.066
	HO2
	
	
	

	108
	ISOP
	+
	NO3
	
	
	===>
	0.2
	ISPD
	+
	
	XO2
	+
	0.8
	HO2
	+
	0.2
	NO2
	+
	0.8
	ALDX

	
	
	
	
	
	
	
	
	
	+
	2.4
	PAR
	+
	0.8
	NTR
	–
	0.8
	NOXY
	
	
	

	109
	ISOP
	+
	NO2
	
	
	===>
	0.2
	ISPD
	+
	
	XO2
	+
	0.8
	HO2
	+
	0.2
	N0
	+
	0.8
	ALDX

	
	
	
	
	
	
	
	
	
	+
	2.4
	PAR
	+
	0.8
	NTR
	–
	
	NOXY
	
	
	

	110
	ISPD
	+
	OH
	
	
	===>
	0.334
	CO 
	+
	0.252
	ACET
	+
	0.167
	FORM
	+
	1.565
	PAR
	+
	0.168
	MGLY

	
	
	
	
	
	
	
	
	
	+
	0.503
	HO2
	+
	0.713
	XO2
	+
	0.21
	C2O3
	+
	0.5
	CXO3

	110
	ISPD
	+
	OH
	
	
	===>
	0.334
	CO 
	+
	0.252
	ACET
	+
	0.167
	FORM
	+
	1.565
	PAR
	+
	0.168
	MGLY

	
	
	
	
	
	
	
	
	
	+
	0.503
	HO2
	+
	0.713
	XO2
	+
	0.21
	C2O3
	+
	0.24
	ALDX

	111
	ISPD
	+
	O3
	
	
	===>
	0.02
	ACET
	+
	0.15
	FORM
	+
	0.225
	CO
	+
	0.85
	MGLY
	+
	0.36
	PAR

	
	
	+
	
	
	
	
	
	
	+
	0.114
	C2O3
	+
	0.064
	XO2
	+
	0.268
	OH
	+
	0.154
	HO2

	112
	ISPD
	+
	NO3
	
	
	===>
	0.643
	CO 
	+
	0.282
	FORM
	+
	0.357
	ALDX
	+
	1.282
	PAR
	+
	0.925
	HO2

	
	
	+
	
	
	
	
	
	
	+
	0.075
	CXO3
	+
	0.075
	XO2
	+
	0.85
	NTR
	+
	0.075
	HNO3

	113
	ISPD
	
	
	
	
	===>
	0.333
	CO 
	+
	0.067
	ACET
	+
	0.9
	FORM
	+
	0.832
	PAR
	+
	1.033
	HO2

	
	
	+
	
	
	
	
	
	
	+
	0.7
	XO2
	+
	0.267
	C2O3
	+
	0.7
	CXO3
	
	
	

	114
	TERP
	+
	O
	
	
	===>
	0.15
	ALDX
	+
	0.51
	PAR
	
	
	
	
	
	
	
	
	

	115
	TERP
	+
	OH
	
	
	===>
	0.75
	HO2
	+
	1.25
	XO2
	+
	0.25
	XO2N
	+
	0.28
	FORM
	+
	0.47
	ALDX


	116
	TERP
	+
	O3
	
	
	===>
	0.57
	OH
	+
	0.07
	HO2
	+
	0.76
	XO2
	+
	0.18
	XO2N
	+
	0.24
	FORM

	
	
	+
	
	
	
	
	
	
	+
	0.001
	CO
	+
	7
	PAR
	+
	0.21
	ALDX
	+
	0.39
	CXO3

	117
	TERP
	+
	NO3
	
	
	===>
	0.47
	NO2 
	+
	0.28
	HO2
	+
	1.03
	XO2
	+
	0.25
	XO2N
	+
	0.47
	ALDX

	
	
	
	
	
	
	
	
	
	+
	0.53
	NTR
	–
	0.53
	NOXY
	
	
	
	
	
	

	118
	SO2
	+
	OH
	
	
	===>
	
	SULF
	+
	
	HO2
	
	
	
	
	
	
	
	
	

	119
	SO2
	
	
	
	
	===>
	
	SULF
	
	
	
	
	
	
	
	
	
	
	
	

	120
	ETOH
	+
	OH
	
	
	===>
	0.95
	ACET
	+
	0.1
	XO2
	+
	
	HO2
	+
	0.1
	FORM
	
	
	


Note: P in these expressions denotes a pressure dependent reaction. The chemical names of reactants and products are presented in Table 2.

Table 2. Species Naming Conventions in CB-V

	State Species
	Description

	 NO
	Nitric Oxide


Nitrogen Dioxide

	
	


Ozone

	
	


Terminal olefin bond (2 carbons)

	
	

	 PAR
	Paraffinic bond (1 carbon)

	 TOL
	Toluene (7 carbons)

	 XYL
	Xylene (8 carbons)

	 FORM
	Formaldehyde (secondary, 1 carbon)

	 ACET
	Acetaldehyde (secondary, 2 carbons)

	 ETH
	Ethene (2 carbons)

	 CRES
	Cresol (7 carbons)

	 MGLY
	Methyl Glyoxal (2 carbons)

	 OPEN
	Aromatic Product 

	 PNA
	Peroxynitric Acid

	 PAN
	Peroxyacetyl Nitrate

	 CO
	Carbon Monoxide

	 HNO2
	Nitrous Acid

	 H2O2
	Hydrogen Peroxide

	 HNO3
	Nitric Acid

	 NOXY
	Sum of NO, NO2, and N2O5

	 ISOP
	Isoprene (5 carbons)

	 TERP
	Terpenes (10 carbons)


Ethanol (2 carbons)

	
	


Sulfur Dioxide

	
	

	 SULF
	Sulfate


Higher Aldehydes (chemistry > 2, but mass of only 2 carbons)

	
	


Internal olefins (4 carbons)

	
	


Higher Peroxyacyl Nitrates (3 carbons)

	
	

	 CH4 
	Methane (1 carbon)

	 ISPD
	Isoprene product 


	Steady State Species
	Description

	O
	Oxygen atom (O3P)


Oxygen atom (O1D)

	
	


Nitrate radical

	
	

	N2O5
	Dinitrogen Pentoxide


Hydroxyl Radical

	
	


Hydroperoxyl Radical

	
	


Peroxy operator (NO to NO2)

	
	


Peroxy operator (NO to organic nitrate)

	
	


Peroxyacetyl Radical

	
	

	CXO3
	Higher Peroxyacyl Radicals 

	ROR
	Peroxy Radical in paraffin chemistry

	TO2
	Peroxy Radical in aromatic chemistry

	CRO
	Peroxy Radical in cresol chemistry


Table 6-2a. Summary of model performance metrics and statistics
for 1-hour ozone for the 12 km UAM-V modeling domain (Grid 2): base-case simulation.

Shading indicates that the calculated statistical measure is outside the EPA recommended range for acceptable model performance.
(Source: Douglas et al., 2001)
	Simulation Day
	Maximum Observed Ozone (ppb)
	Maximum Simulated Ozone (ppb)
	Mean Observed Ozone (ppb)
	Mean Simulated Ozone (ppb)
	Unpaired Accuracy of the Peak (%)
	Average Accuracy of the Peak (%)
	Normalized Bias (%)
	Normalized Gross Error (%)
	RMS Error (ppb)

	970910
	134.0
	101.9
	53.8
	47.3
	-23.9
	-7.4
	-9.3
	22.0
	23.0

	970911
	176.0
	115.9
	58.0
	53.8
	-34.2
	-5.6
	-4.4
	18.1
	19.1

	970912
	123.0
	137.1
	62.6
	54.4
	11.4
	-11.5
	-11.7
	22.3
	22.0

	970913
	126.0
	133.5
	63.4
	57.1
	5.9
	-2.9
	-8.0
	26.8
	25.9

	970914
	144.0
	151.0
	64.2
	55.0
	4.8
	-1.9
	-10.6
	30.3
	29.7

	970915
	198.0
	146.5
	66.0
	56.1
	-26.0
	-11.4
	-12.0
	25.1
	25.3

	970916
	135.0
	138.8
	65.9
	59.6
	2.8
	-2.4
	-7.4
	23.1
	22.1

	970917
	126.0
	156.5
	63.0
	61.6
	24.2
	4.6
	1.0
	23.9
	23.0

	970918
	135.0
	151.4
	61.7
	65.8
	12.1
	7.8
	8.9
	23.1
	21.9


Table 6-2d. Summary of model performance metrics and statistics
for 1-hour ozone for the 4 km Gulf Coast UAM-V modeling subdomain (Grid C): base-case simulation.

Shading indicates that the calculated statistical measure is outside the EPA recommended range for acceptable model performance.
(Source: Douglas et al., 2001)

	Simulation Day
	Maximum Observed Ozone (ppb)
	Maximum Simulated Ozone (ppb)
	Mean Observed Ozone (ppb)
	Mean Simulated Ozone (ppb)
	Unpaired Accuracy of the Peak (%)
	Average Accuracy of the Peak (%)
	Normalized Bias (%)
	Normalized Gross Error (%)
	RMS Error (ppb)

	970910
	113.0
	98.2
	57.0
	48.2
	-13.1
	-15.8
	-13.9
	18.3
	19.1

	970911
	83.0
	115.9
	57.2
	49.8
	39.6
	-14.1
	-11.9
	16.4
	16.9

	970912
	119.0
	124.3
	65.7
	54.9
	4.5
	-18.8
	-15.1
	20.5
	20.7

	970913
	126.0
	133.5
	64.4
	60.8
	5.9
	-1.5
	-3.3
	24.7
	23.3

	970914
	109.0
	135.7
	63.4
	58.2
	24.5
	-1.7
	-5.7
	24.5
	23.5

	970915
	117.0
	146.5
	66.8
	52.5
	25.2
	-16.7
	-19.9
	28.4
	27.8

	970916
	135.0
	138.8
	71.0
	59.1
	2.8
	-9.9
	-14.6
	26.9
	25.7

	970917
	126.0
	126.0
	64.0
	58.1
	0.0
	-7.0
	-5.8
	21.1
	21.4

	970918
	111.0
	123.9
	60.3
	56.5
	11.6
	-5.6
	-5.4
	20.3
	19.9


Table 6-2e. Summary of model performance metrics and statistics
for 1-hour ozone for the 2 km Louisiana UAM-V modeling subdomain (Grid D): base-case simulation.

Shading indicates that the calculated statistical measure is outside the EPA recommended range for acceptable model performance.
(Source: Douglas et al., 2001)

	Simulation Day
	Maximum Observed Ozone (ppb)
	Maximum Simulated Ozone (ppb)
	Mean Observed Ozone (ppb)
	Mean Simulated Ozone (ppb)
	Unpaired Accuracy of the Peak (%)
	Average Accuracy of the Peak (%)
	Normalized Bias (%)
	Normalized Gross Error (%)
	RMS Error (ppb)

	970910
	113.0
	91.3
	59.0
	49.5
	-19.2
	-14.6
	-13.7
	21.9
	22.8

	970911
	83.0
	84.7
	56.4
	51.2
	2.1
	-12.8
	-8.1
	12.8
	13.2

	970912
	119.0
	110.3
	67.2
	60.4
	-7.4
	-13.2
	-8.9
	17.0
	16.5

	970913
	126.0
	135.1
	72.7
	68.6
	7.2
	-3.7
	-3.0
	23.5
	22.4

	970914
	109.0
	126.0
	67.3
	58.9
	15.6
	4.3
	-10.8
	26.3
	24.2

	970915
	116.0
	114.0
	68.2
	56.7
	-1.7
	-8.9
	-15.1
	26.8
	25.7

	970916
	135.0
	116.4
	77.6
	65.3
	-13.8
	-16.9
	-13.1
	26.7
	25.3

	970917
	126.0
	101.3
	68.2
	58.2
	-19.6
	-14.4
	-9.6
	22.5
	24.1

	970918
	107.0
	108.4
	66.6
	61.3
	1.3
	-5.1
	-6.8
	19.7
	18.9


Table 6-2a—CB-V. Summary of model performance metrics and statistics
for 1-hour ozone for the 12 km UAM-V modeling domain (Grid 2): base-case simulation.

Shading indicates that the calculated statistical measure is outside the EPA recommended range for acceptable model performance.

	Simulation Day
	Maximum Observed Ozone (ppb)
	Maximum Simulated Ozone (ppb)
	Mean Observed Ozone (ppb)
	Mean Simulated Ozone (ppb)
	Unpaired Accuracy of the Peak (%)
	Average Accuracy of the Peak (%)
	Normalized Bias (%)
	Normalized Gross Error (%)
	RMS Error (ppb)

	970910
	134
	98.3
	53.8
	47.0
	-26.7
	-6.4
	-9.8
	22.5
	18.0

	970911
	176
	115.4
	58.0
	54.1
	-34.4
	-4.8
	-3.8
	17.6
	16.6

	970912
	123
	130.3
	62.6
	55.0
	5.9
	-8.7
	-10.7
	21.2
	17.2

	970913
	126
	135.3
	63.4
	57.3
	7.4
	3.2
	-7.6
	25.7
	20.7

	970914
	144
	141.6
	64.2
	55.7
	-1.7
	13.9
	-9.3
	29.0
	24.0

	970915
	198
	145
	66.1
	56.6
	-26.8
	-4.0
	-11.1
	24.2
	22.6

	970916
	135
	134.4
	65.9
	60.4
	-0.4
	6.3
	-6.2
	22.0
	17.0

	970917
	126
	148.4
	63.0
	62.4
	17.8
	13.4
	2.3
	23.1
	17.8

	970918
	135
	147.9
	61.7
	66.5
	9.6
	11.4
	10.4
	22.5
	17.2


Table 6-2d—CB-V. Summary of model performance metrics and statistics
for 1-hour ozone for the 4 km Gulf Coast UAM-V modeling subdomain (Grid C): base-case simulation.

Shading indicates that the calculated statistical measure is outside the EPA recommended range for acceptable model performance.

	Simulation Day
	Maximum Observed Ozone (ppb)
	Maximum Simulated Ozone (ppb)
	Mean Observed Ozone (ppb)
	Mean Simulated Ozone (ppb)
	Unpaired Accuracy of the Peak (%)
	Average Accuracy of the Peak (%)
	Normalized Bias (%)
	Normalized Gross Error (%)
	RMS Error (ppb)

	970910
	113
	94.7
	57.0
	48.1
	-16.2
	-16.1
	-14.1
	18.6
	15.2

	970911
	83
	115.4
	57.2
	50.4
	39.1
	-13.3
	-10.7
	15.5
	12.5

	970912
	119
	123.7
	65.7
	55.8
	4.0
	-17.8
	-13.6
	19.4
	16.0

	970913
	126
	135.3
	64.4
	61.7
	7.4
	-0.3
	-1.9
	23.9
	18.7

	970914
	109
	134.8
	63.4
	59.9
	23.7
	0.1
	-2.8
	23.2
	16.8

	970915
	117
	145
	66.8
	53.6
	23.9
	-16.6
	-17.9
	26.9
	22.4

	970916
	135
	134.4
	71.0
	59.8
	-0.4
	-10.1
	-13.6
	26.0
	20.9

	970917
	126
	122.8
	64.0
	59.4
	-2.5
	4.4
	-3.7
	20.7
	17.6

	970918
	111
	123.9
	60.3
	58.5
	11.6
	-2.5
	-1.6
	19.5
	15.2


Table 6-2e—CB-V. Summary of model performance metrics and statistics
for 1-hour ozone for the 2 km Louisiana UAM-V modeling subdomain (Grid D): base-case simulation.

Shading indicates that the calculated statistical measure is outside the EPA recommended range for acceptable model performance.

	Simulation Day
	Maximum Observed Ozone (ppb)
	Maximum Simulated Ozone (ppb)
	Mean Observed Ozone (ppb)
	Mean Simulated Ozone (ppb)
	Unpaired Accuracy of the Peak (%)
	Average Accuracy of the Peak (%)
	Normalized Bias (%)
	Normalized Gross Error (%)
	RMS Error (ppb)

	970910
	113
	91.1
	59.0
	49.4
	-19.3
	-15.0
	-13.9
	22.3
	17.5

	970911
	83
	84.4
	56.4
	51.3
	1.6
	-12.3
	-7.8
	12.6
	9.1

	970912
	119
	109.9
	67.2
	60.7
	-7.6
	-13.0
	-8.6
	16.3
	13.7

	970913
	126
	129.8
	72.7
	69.1
	3.0
	-3.4
	-2.3
	22.4
	19.3

	970914
	109
	127.4
	67.3
	60.4
	16.9
	5.1
	-8.6
	24.0
	19.1

	970915
	116
	114.8
	68.2
	59.2
	-1.0
	-7.2
	-11.2
	24.0
	21.1

	970916
	135
	114.8
	77.6
	65.1
	-14.9
	-18.2
	-13.2
	26.7
	23.1

	970917
	126
	102.4
	68.2
	59.7
	-18.7
	-13.0
	-7.3
	22.2
	21.2

	970918
	107
	107.2
	66.6
	62.6
	0.2
	-4.2
	-4.8
	19.0
	15.9


Figure 1. GCOS UAM-V modeling domain. Horizontal grid resolution is approximately 36 km for Grid 1, 12 km for Grid 2, 4 km for Grids A, B, and C, and 2 km for Grid D.
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Figure 2. Hourly ozone concentrations (ppb): CB-V vs. CB-IVtox for September 13–16, 1997
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