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ABSTRACT

ENSCO has been engaged in a challenging problem to develop a capability for the modeling and simulation community to address their need to model the fate of Toxic Industrial Chemicals (TICs) and chemical agents (CW) released into the atmosphere. The solution involves integrating ENSCO’s Atmospheric Chemistry Module within the DoD Transport and Dispersion (T&D) model SCIPUFF and DTRA’s HPAC, to more realistically model the fate, downwind dispersion, and deposition of a TIC or CW threat. Our approach provides the end-user a capability to more accurately model the location and toxicity of the plume rapidly and without requiring the user to have an expertise in atmospheric chemistry. Our empirically derived keff (which describes the degradation of the TIC or CW agent) is obtained by statistically analyzing data generated from a more rigorous and detailed chemistry mechanism, resulting in an efficient and more accurate representation of the evolving toxic plume than when using T&D alone. Detailed model runs for the statistical analysis used to derive the keff are conducted under a wide range of typical atmospheric conditions and land uses. The keff used by SCIPUFF at run-time is automatically selected from the database of keff  and is that which most closely matches the atmospheric conditions and land use for the scenario being modeled. This paper describes the reactivity algorithms developed for a series of TICs, including 1-butene, 2-methyl propene, propene, ethene, cis-2-butene, trans-2-butene, isoprene, 1,3-butadiene, styrene, hydrogen sulfide, and two of the degradation products of 1-butene (propanal and nitrooxybutanone). Preliminary model results clearly indicate that the incorporation of chemical reactivity in SCIPUFF alters the resulting toxic footprint. Results that demonstrate the effectiveness of this approach are presented. 
INTRODUCTION
Many environmental factors including solar flux, temperature, cloud cover, and levels of reactive ambient materials (e.g., NOX, O3), will influence the degradation of a toxic industrial chemical (TIC) or chemical warfare agent (CWA) in the battlespace. The principle degradation pathway for most TICs and CWAs involves the gas-phase reactions with the hydroxyl (OH) and nitrate (NO3) radicals and ozone (O3).
,
 Current approaches to predicting the diurnal variation of these reactive species is to use detailed kinetic mechanisms such as the Carbon Bond
 or SAPRC
 Mechanisms. Unfortunately, the complexity of these mechanisms result in modeling approaches that are CPU intensive. For modeling scenarios requiring rapid turnaround (e.g., rapid response applications of the Second-order Closure Integrated Puff (SCIPUFF) model
 within DTRA’s Hazard Predication and Assessment Capability (HPAC)), it is necessary to use a simplified chemistry scheme. 
The requirements specified for development of the chemistry algorithm included:

· The algorithm must run rapidly and not impact model wall clock run-time. 
· The algorithm must account for all modeling scenarios encompassing a wide range of meteorological conditions (i.e., changes in cloud cover, temperature, ambient conditions, etc.).

· The algorithm must be robust enough to account for diurnal changes to the degradation rates of TICs and CWAs.
· Finally, the algorithm should account for the potential generation of intermediate toxic compounds. In some cases it may be possible for the degradation products to be more toxic than the pollutant that was released.
Presented here is a summary that (a) describes the modifications that were made to SCIPUFF, (b) outlines the methodology for systematically generating polynomial functions that describe the atmospheric degradation of released TICs as a function of land use and meteorological parameters, and (c) illustrates example results showing the difference between T&D alone and T&D with chemistry as well as the difference in the compound dependent chemistry. 
METHODOLOGY

Modification of SCIPUFF.  Figure 1 and Figure 2 illustrate the modifications that were required for HPAC and SCIPUFF for implementing TIC degradation chemistry. The meteorological parameters in SCIPUFF associated with the location and time of the puff are input to the atmospheric chemistry module via a dynamic link library called degrade.dll. The chemistry module contains the previously derived empirical (polynomial) functions that calculate the instantaneous values of keff (a first order reaction rate constant that represents the overall “effective” degradation rate constant for the TIC) and is implemented within the SCIPUFF code as shown in Figure 1. As shown in Figure 2, SCIPUFF uses a simple first-order loss term to model loss of chemical compounds in the atmosphere as a function of solar elevation. However, this representation is simplistic and does not accurately describe the complexity of chemical reactions that occur in the atmosphere. Through this effort, this portion of the SCIPUFF code was replaced with a polynomial expression that describes the atmospheric decay of chemical species in the atmosphere as a function of meteorological parameters (cloud cover, temperature, etc.) and kinetic interaction with the diurnally varying ambient species associated with various land uses. The atmospheric chemistry module has been incorporated into a copy of the latest version of HPAC (Version 4.040253 (Build 11b)).
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Figure 1. Overview of Degrade.dll interface to SCIPUFF within HPAC.
Figure 2

. Overview of algorithm change to SCIPUFF.
Algorithm Development.  The polynomial functions developed under this effort are designed to replace the current chemical loss expression in SCIPUFF. These functions were developed based upon standard regression analyses against chemical kinetic data generated using a photochemical box model (PBM). A schematic showing the PBM is presented in Figure 3. The PBM allows for daytime and nighttime atmospheric reactivity under isochoric conditions (thus eliminating transport and diffusion). The regression analyses yielded polynomial expressions for the effective degradation rate constants (keff) for a series of TICS: 1-butene, 2-methyl propene, propene, ethene, cis-2-butene, trans-2-butene, isoprene, 1,3-butadiene, styrene, hydrogen sulfide, and two of the degradation products of 1-butene (propanal and nitrooxybutanone). The advantage of using these empirical relations to model atmospheric chemical reactivity is a significant reduction in central processing unit (CPU) time and wall clock run time compared with standard reactivity models, whereas the obvious disadvantage is the loss of some precision. The expressions have been designed to reasonably represent the diurnal changes in the degradation rates without introducing excessively complicated terms. 
Polynomial expressions describing keff for selected TICs were developed for five “super classes” of land uses: urban, forest, desert, water, and grass. In addition, a “default” land use is included for cases where land-use data is not available. The default land use is more representative of a suburban environment, which is less polluted than an urban environment. Land use is used as a surregate for different ambient air qualities. Each land use is associated with varying levels of key atmospheric constituents, including the hydroxyl radical (OH), ozone (O3), oxides of nitrogen (NOX), and volatile organic compounds (VOCs). For example, the water land-use has significantly lower NOX concentrations than the urban land use. The polynomial expressions for each land-use (and hence each category of “air quality”) are functions of key meteorological parameters including solar elevation (degrees), temperature (K), latitude (degrees), water concentration (parts per million), cloud cover (based upon an integer scale from 0 to 8), and time of day (minutes relative to local noon).
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Figure 3. Schematic of Photochemical Box Model (PBM) used in Algorithm Development.
Fundamental Kinetic Equations.  The factors that influence the degradation of atmospheric pollutants include the solar flux, the temperature, the humidity, the ambient concentrations of OH, NOX, O3, and VOCs, the cloud cover, and the levels and types of particulate matter (PM). Other significant loss processes such as dry and wet deposition also occur. These ambient species vary predominantly with the time of day (diurnal variations) and the land-use. The total rate of change in the concentration of a TIC depends upon diffusion, gas-phase and heterogeneous chemistry, and deposition as shown in the following general expression:
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Equation 1

The rate of change can also be expressed as a series of kinetic rate terms as follows:
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Equation 2

in which kdiff[TIC] is the diffusion rate term, kVOC[VOC][TIC] is the general rate term for the reactivity with VOCs, kdry deposition[TIC] and kwet deposition[TIC] are the physical loss terms due to dry and wet deposition, and khet[PM][TIC] is the heterogeneous rate term in which [PM] is the total concentration of airborne particulate matter. These terms were dropped thus focusing on the chemical loss terms shown in Equation 3:
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Equation 3
  

The overall mechanism consistent with Equation 3 for the degradation of a TIC and the subsequent formation and degradation of a daughter product, DP, are:

Submechanism I:
TIC + OH ( XOH DP + other products




TIC + NO3 ( XNO3 DP + other products




TIC + O3 ( XO3 DP + other products




TIC + VOC ( XVOC DP + other products

Submechanism II:
DP + OH ( chemical loss




DP + NO3 ( chemical loss





DP + O3 ( chemical loss





DP + VOC ( chemical loss

in which the X’s are the stoichiometric coefficients for the elementary reactions in the formation of DP. The overall mechanism was subdivided into Submechanism I (the degradation of the TIC and the formation of DP), and Submechanism II (the degradation of DP).


In lieu of running sophisticated chemical models that require solving large systems of ordinary differential equations, less CPU-intensive models can be developed by using expressions such as polynomial functions to represent the atmospheric degradation of the TIC. These functions were parameterized using multiple non-linear regression (MNLR) analyses of the time-resolved values for kPBM from the PBM runs. The parameterized expressions are the effective degradation rate constants (keff) for the TICs. The time-resolved values for kPBM for the degradation of the TICs are calculated at each time step in the numeric solver using the fundamental expression:
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Equation 4
in which kPBM is a function of the ambient species concentrations, solar elevation, temperature, degree of cloud cover, humidity, latitude, and time of day.


The rate expression for the formation of the DP from the TIC is obtained from Submechanism I as follows:
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Equation 5


The rate expression for the degradation of DP is obtained from Submechanism II as follows:
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Equation 6
Note that 
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Equation 7
The overall stoichiometric coefficient from the PBM runs (xPBM) is obtained from the negative slope of the curve generated by plotting 
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. In turn, the overall stoichiometric coefficient from the polynomial functions (xeff) is obtained from the negative slope of the curve generated by plotting 
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PBM Execution.  The methodology involves running the PBM using a specific chemistry mechanism under various conditions to predict the diurnal variations of the important ambient species as a function of the land use and the meteorological parameters. For this development, the Carbon Bond Mechanism (CBM-99)
 was used. The concentration profiles for the degradation of selected TICs were evaluated using CBM-99, and provided the data necessary for obtaining the time-resolved values for kPBM. Polynomial functions were then parameterized via MNLR analysis using these values for kPBM as the data points. The regressions analyses were performed using the commercial statistical software SAS®.
 SAS was used to determine the form and order of these polynomials. The PBM was run within a specified parameter space. Temperature and water concentration data was extracted from global land use data. The original land use data was from Nov 2003 to Sep 2004 with a 0.5-km spatial resolution. To make the analyses more manageable, the land uses categories were reduced to five “super land uses”: urban, water, desert, forest, and grass. In addition, the day and night weather station data for each land use was obtained every three hours rather than every 30 seconds. Data for each land use was taken over several representative terrains within a given pre-selected county in the mainland United States. Data points representing extreme conditions, defined here as temperatures less than -60( C or below the dew point, were eliminated in the analysis. 

RESULTS AND EXAMPLE OUTPUT
Derivation of keff.  The values for keff for 1-butene were calculated as a function of the key independent variables.  Figure 4 shows example concentration profiles generated for the degradation of 1-butene released at mid-night local time (time of day = 0) for the urban land use as a function of latitude. These data indicate that the degradation rates for 1-butene are greatest during the daytime and at lower latitudes (i.e., when the sun is higher in the sky) and are significantly smaller at nighttime. This kind of behavior is expected and is typical of the decay pattern of most organic compounds in the atmosphere and ave been obtained for a series of TICs ad CWAs.
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4Figure .  [1-butene] as a function of time of day at various latitudes for the urban land use where T = 300 K, [H2O] = 20000 ppm, Cloud Cover = 0 (scale from 0 to 8) (Note: COI is the concentration of the TIC in PPM).
The concentration profiles in Figure 4 are readily translated into keff values using equation 4. keff as a function of time of day for various latitudes are presented in Figure 5. These data indicate that the degradation rates for 1-butene are greatest during the daytime and at lower latitudes (i.e., when the sun is higher in the sky) and are significantly smaller at nighttime. This kind of behavior is expected and is typical of the decay pattern of most organic compounds (i.e., TICs, CWAs) in the atmosphere. Data similar to that shown here are generated for a large parameter space. These data are then fit using MLNR to generate a polynomial expression as a function of meteorological parameters. TABLE 1 summarizes the derived “daytime” polynomials for 1-butene for each of the land use categories (i.e., different ambient conditions). These polynomials are used for solar elevations between 5 – 90°. Similar data was derived for the selected TICs for each of the super land use categories and is housed in data files called by degrade.dll. 
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Figure 5.  keff  for degradation of 1-butene as a function of time of day (tod) at various latitudes for the urban land use where T = 300 K, [H2O] = 20000 ppm, Cloud Cover = 0 (scale from 0 to 8).
TABLE 1. Summary of Polynomial Data for 1-Butene as a Function of Land Use.
	Land Use
	r2
	Polynomial

	Water
	0.97
	keff = SE2*tod*(8.182e-10) + SE*[H2O]*(2.957e-9) + SE*T*(1.79e-6) + SE2*(1.09e-6) + SE2*T*(-4.084e-8) + SE2*CC*(-7.163e-8) + SE2*[H2O]*(-1.063e-11) + CC *[H2O]*(-4.409e-9) + T*[H2O]*(-1.228e-9) + T2* CC *(2.922e-8)

	Forest
	0.77
	keff = CC *tod*(-8.104e-7) + tod*[H2O]*(2.887e-10) + SE2*tod*(9.093e-9) + SE*tod2*(1.094e-9) + SE*[H2O]*(3.519e-9) + SE2*(8.644e-7) + SE2*lat*(-1.085e-8) + SE2* CC *(-1.638e-7) + lat2*[H2O]*(-1.744e-11) + CC *[H2O]*(-9.271e-9)

	Grass
	0.98
	keff = SE*(6.596e-5) + tod*(6.020e-7) + tod2*(3.143e-9) + SE* CC *(-1.39e-6) + SE*T*(-5.714e-7) + SE2*(-2.646e-7) + SE2*T*(-4.634e-9) + SE2*[H2O]*(4.152e-12) + CC 2*(-5.25e-5) + T2*SE*(-1.594e-8)

	Desert
	0.83
	keff = [H2O]*(2.771e-7) + SE2*tod*(7.727e-9) + SE*tod2*(-1.050e-9) + SE* CC *(4.64e-5) + SE2*lat*(-2.555e-8) + SE2* CC *(-1.01e-6) + SE2*[H2O]*(2.225e-10) + lat*[H2O]*(-4.082e-9) + CC *[H2O]*(-5.585e-8) + T*[H2O]*(6.253e-10)

	Urban
	0.80
	keff = SE*(3.148e-5) + [H2O]*(7.937e-8) + SE*tod2*(-1.985e-10) + SE*[H2O]*(1.812e-9) + SE2* CC *(-7.193e-8) + lat*[H2O]*(-1.767e-9) + CC *[H2O]*(-1.237e-8) + T*[H2O]*(-9.971e-10) + CC 2*(9.92e-6) + T2*SE*(-1.291e-8)


CC (Cloud Cover) = 0–8 eighths; SE (Solar Elevation) = 5 – 90°; T (Temperature) = Kelvins;
tod (time of day) = -720 – +720  (minutes from noon local time);
[H2O] (Water Concentration) = PPM;  lat (Latitude) = 0 – 70°.
Derivation of Xeff.  The values of Xeff for the formation of propanal from 1-butene were calculated. The stoichiometric coefficients for propanal formation from 1-butene are 0.9 (reaction with OH radical), 0.35 (reaction with O3), and 0.12 (reaction with NO3). The relative importance of each of these reactions diurnally varies and thus the effective stoichiometry for propanal formation also varies diurnally. Figure 6 shows an example of how the stoichiometry varies as a function of the time of day.
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Figure 6. Effective stoichiometry (Xeff) of propanal formation from 1-butene degradation. Green, red, and blue lines are the stoichiometric coefficients for the formation of propanal from 1-butene via reaction with OH, Ozone, and NO3.

Example SCIPUFF Model Results. SCIPUFF was run using both an unreactive tracer and a selected TIC. In the following cases, a continuous 1.0 kg/sec release of TIC was modeled. The resulting concentration contour map of the pollutant without (tracer) and with chemistry (1-butene) is illustrated in Figure 7, and shows a decrease in predicted concentration when chemistry is included. The magnitude of the difference between the tracer and the TIC footprint is a function of the selected TIC.
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Figure 7.  Comparison of SCIPUFF generated plumes for an unreactive pollutant and 1-butene.
Figure 8 shows plumes at 8 hours for ethene, propene, 3-methyl propene, and 1,3-butadiene for a 2-hour continuous release rate of 1.0 kg/hr using identical land use and meteorological conditions. The different atmospheric degradation rates are clearly evident in the plots. In particular, the larger alkenes show higher rates of reaction, and this general trend is well documented in the literature.   
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Figure 8. Comparison of four TICs in the urban land use for a release rate of 1.0 kg/hr for 2 hrs; the plume footprints are at hour 8.
The final example illustrates the the model improvement which enables prediction of the formation of a degradation compound (propanal) from the atmospheric decomposition of a TIC (1-butene). Figure 9 shows the SCIPUFF predicted plumes at 4 and 8 hours after release of 1-butene. The concentrstion of propanal is lower than  that of the released material. However, one can envision a scenario in which the degradation material is more toxic than the released TIC.
Figure 9. Comparison of plume footprints at 4 and 8 hours after release showing degradation of the TIC (1-butene) and the formation of a degradation product (propanbal) in an urban land use for a 2-hr continuous release rate of butene at 1.0 kg/hr.
Future Work.  While the current approach has added a chemistry capability to SCIPUFF without impacting model run time, there are several areas that should be addressed. A few potential directions for improving this method are:
Model Parameters. Other model parameters, most notably those parameters associated with heterogeneous chemistry, should be incorporated into the parameter space. Since heterogeneous processes are expected to be crucial for some TICs (e.g., hydrogen sulfide) and many of the less volatile daughter products from the degradation of the hydrocarbon TICs, the heterogeneous model should be coded, tested, and implemented in the current modeling scheme.  

Location Specific Studies. Algorithms for keff in ambient conditions specific to certain high risk locations, such as industrialized urban areas and high population areas, should be developed. The advantage is that the algorithms for these specific areas will have a higher level of accuracy than if the more general land-use algorithms are used.

Algorithm Improvement. In this effort, polynomials have been used in the regression analyses of the model data. Other types of functions, such as trigonometric, exponential, and hyperbolic functions, may yield better regressions and should be investigated.

Structure/Activity Relations (SAR). A methodology for easily estimating keff for a variety of other TICs needs to be developed. One possibility is to develop a structure/activity relationship (SAR) that correlates the keff algorithms for TICs that have been analyzed to other TICs that have not been analyzed. Another possibility is to use scaling factors.    

Field and Chamber Studies. This is necessary for model validation. The chamber studies will aid in validating the chemistry model used the PBM, which in turn serves to validate the SCIPUFF chemistry module. 

CONCLUSIONS

We have described an atmospheric chemistry module that has been incorporated into SCIPUFF. Algorithms were developed for 10 TICs and were implemented in such a way as to not adversely affect model run time performance. The module was tested and shown to not impact typical SCIPUFF run times. Sample output was included to show the potential impact of including chemical degradation in T&D modeling. In addition, the impact of chemistry was shown to be dependent on the TIC being modeled. Finally, the capability of the developed model to predict the formation of a degradation product was illustrated.
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