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Figure S1: Grid cells for which modeled concentrations were compared to Houston Ship Channel measurements (highlighted in gray) (left) and grid cells for which modeled concentrations were compared to Gulf of Mexico measurements (highlighted in gray) (right)

Figure S2: Measured and modeled aerosol surface area concentration values (minimum, maximum, median, 1st quartile, and 3rd quartile) in the Houston Ship Channel and in the Gulf of Mexico.  Data for the Houston Ship Channel were taken for the nights of September 1-2, September 6-7, and September 7-8.  Data for the Gulf of Mexico were taken for the nights of August 31- September 1, September 2-3, September 3-4, and September 4-5. 
Figure S3: Measured and modeled N2O5 concentration values (minimum, maximum, median, 1st quartile, and 3rd quartile) in the Houston Ship Channel and in the Gulf of Mexico.  Data for the Houston Ship Channel were taken for the nights of September 1-2, September 6-7, and September 7-8.  Data for the Gulf of Mexico were taken for the nights of August 31- September 1, September 2-3, September 3-4, and September 4-5. 
Figure S4: Measured and modeled HNO3 concentration values (minimum, maximum, median, 1st quartile, and 3rd quartile) in the Houston Ship Channel and in the Gulf of Mexico.  Data for the Houston Ship Channel were taken for the nights of September 1-2, September 6-7, and September 7-8.  Data for the Gulf of Mexico were taken for the nights of August 31- September 1, September 2-3, September 3-4, and September 4-5. 

Figure S5: Measured and modeled ClNO2 concentration values (minimum, maximum, median, 1st quartile, and 3rd quartile) in the Houston Ship Channel and in the Gulf of Mexico.  Data for the Houston Ship Channel were taken for the nights of September 1-2, September 6-7, and September 7-8.  Data for the Gulf of Mexico were taken for the nights of August 31- September 1, September 2-3, September 3-4, and September 4-5. 
Figure S6: Aircraft measurements and model predictions of N2O5 concentrations at elevations between 257 and 520 meters over the Houston region.  Aircraft measurements were taken on the nights of September 15, September 25, September 27, October 8, and October 12.  Model predictions were from all nights in the modeled episode.   

Figure S7: HCl mixing ratios (ppbv) in a model simulation that did not include any ClNO2 formation at midnight on August 30, 2006 (top left), September 2, 2006 (top right), September 5, 2006 (bottom left), and September 8, 2006 (bottom right).  The Houston Ship Channel is outlined by a black box in the top left panel.  The moody tower is identified by a white dot in the top left panel.

Figure S8: [Cl-] concentrations (M) in PM2.5 in a model simulation that did not include any ClNO2 formation at midnight on August 30, 2006 (top left), September 2, 2006 (top right), September 5, 2006 (bottom left), and September 8, 2006 (bottom right).

Figure S9: [Cl-] concentrations (M) in coarse PM in a model simulation that did not include any ClNO2 formation at midnight on August 30, 2006 (top left), September 2, 2006 (top right), September 5, 2006 (bottom left), and September 8, 2006 (bottom right).
Meteorology of the modeled episode

Meteorological inputs were prepared for the modeling period of August 29 to September 9, 2006 as described in Simon et al. (2009).   A brief description of the meteorology associated with the modeled time period follows.  

The modeling episode was associated with the late summer rise in ozone concentrations in the Eastern Texas area due to the increased effect of high background ozone (Nielson-Gammon et al., 2008).  Two frontal systems passed over the area (30 August and 4-5 September) followed by periods of clear conditions under high pressure systems (31 August -1 September and 6-7 September, respectively), with dominant regional scale easterlies and northeasterlies.  
For these clear days, sea breeze effects modified light northeasterlies in the early morning to light easterly winds during the mid-day, to moderate south-easterly in the late afternoon, and then to southerly in the evening.  The simulated planetary boundary layer (PBL) heights over the coastal waters and land showed distinctive differences in the diurnal patterns representing development of coastal internal boundary layers.   In the evening the PBL heights decreased toward inland from 500 m or above over the coast to around 100 m over land as warm and moist Gulf air carried with the southerly winds cooled down.  In the morning, the convective coastal internal boundary layer developed increasing the PBL heights from 100 m over land to several hundred meters over the coastal waters to even over 1000 m over the sea as the cool air glided over the Gulf waters along with the weak north or northwesterlies. 
Model emissions inventories and boundary conditions

Modeling emissions inputs for VOC and NOx were described in Simon et al. (2009). Anthropogenic Cl2 emissions developed for the Houston area by Chang and Allen (2006) were also included.  In addition to ozone precursor and Cl2 emissions, inventories were prepared for particulate matter and particulate matter precursors for the work described in this paper.  The primary particulate matter emissions inventory was developed based on 2002 data, which was the most current data available at the time of this analysis.  The PM emissions data were developed by the Central Regional Air Planning Association (CENRAP) (CENRAP, 2005) and included the following source categories:  (1) area sources, (2) fugitive dust, (3) road dust, (4) on-road mobile sources, (5) off-road mobile sources, (6) offshore emissions, (7) stationary point sources, and (8) area fires.  A review of the available literature and recent measurement studies indicated that dust emissions are often over-estimated in emissions inventories by an order of magnitude (Simon, 2006; Simon et al. 2008); therefore, the fugitive and road dust emissions values were multiplied by a factor of 0.1.  No other modifications were made to the raw emissions inventory developed by CENRAP.  The Sparse-Matrix Operator Kernel Emissions (SMOKE) modeling system (SMOKE, 2005) was used to generate the CAMx-ready emissions inventory.  Based on a review of the current literature (Simon, 2006), some modifications were made to the temporal and chemical speciation profiles.  In addition, these emissions were split into four size bins (0.039 - 0.156 μm; 0.156 - 0.625 μm; 0.625 - 2.5 μm; and 2.5 - 10 μm) using source profiles that were developed based on published studies (Simon, 2006; Simon et al., 2008).  Further details on the primary PM emissions processing can be found in Simon (2006).  In addition, a sea salt emissions inventory was created using algorithms based on parameterization for flux of sea spray droplets developed by Gong (2003).  Meteorological files from September 1, 2006 were used as inputs for this algorithm because wind speeds on this day were typical of the modeling episode.  Use of separate meteorology files to create a sea salt inventory for each day in the episode was not performed in order to reduce the variability in sea salt balances.

There are four main PM precursors that were included in the emissions inventory: NOx, SO2, NH3, and biogenic VOCs.  NOx and biogenic VOC emissions were already included in the ozone precursor inventory, so no additional emissions were needed.  SO2 emissions were processed by Nopmongcol and Allen (2006).  The SO2 emissions estimates were based on data from 1999 and 2000, however, no major regulatory requirements for SO​2 emissions went into effect between 2000 and 2006, so the only changes in emissions are expected to be from growth in vehicle miles traveled and electricity capacity utilization due to population growth.  The SO2 emissions were developed for a domain that had the same southwest corner as the domain used in this model simulation, but only extended 69% of the way to the northern boundary and 65% of the way to the eastern boundary of the current modeling domain.   Since no SO2 data was immediately available for emissions outside the original domain, SO2 emissions in all areas outside of that domain were set to zero.  Ammonia emissions for the 4km and 12km domains were developed by Pavlovic (2006).  Like the SO2 emissions, the ammonia emissions developed by Pavlovic (2006) did not cover the entire 36km domain.  Therefore, for the 36km domain, ammonia emissions were taken from the CENRAP emissions inventory (CENRAP, 2005).

Initial conditions and boundary conditions for gas-phase compounds were obtained from the Texas Commission on Environmental Quality’s (TCEQ) SIP demonstration modeling (TCEQ, 2006a).  Initial conditions and boundary conditions for PM were taken from McGaughey et al. (2007), who set initial PM concentrations and boundary concentrations to a background level of 1 μg/m3.  Details of the speciation and size distributions assumed for these boundary conditions are given by Simon (2008).  

Comparison of model predictions with measurements
Previous modeling studies have been performed with the gas-phase inventories used here and model performance in predicting regulated gas phase-species (e.g., ozone), based on these inventories, has been evaluated (TCEQ, 2006b).  However, these PM inventories have never been used before to simulate a pollution episode in Houston and many of the performance evaluations for gas-phase species have not included species important for this work, specifically N2O5, ClNO2, and HNO3.  Therefore, the performance of the model in predicting concentrations for aerosol surface area, N2O5, ClNO2, and HNO3 was assessed.  

Model predictions of aerosol surface area were compared to measurements taken on board the research vessel Ronald H. Brown using a short column differential mobility particle sizer, a medium column differential mobility particle sizer, and an aerodynamic particle sizer.  These measurements are described in Bates et al. (2008).  The comparison was done for the two regions shown in Figure S1, over the Gulf of Mexico and over the Houston Ship Channel.  Comparisons for each area were only made during nights when the R.V. Ronald H. Brown was located in that region.  Figure S2 summarizes the results.  The comparisons for data from the Gulf of Mexico region show that average ground-level surface area concentrations are in the range of measured values, but maximum modeled values were higher than the maximum measured values by up to a factor of 2.  The model prediction for average surface area concentration in the Houston Ship Channel is also very close to the measured average, although this agreement varied from day to day.  Modeled values are too high on the nights of September 1-2 and the night of September 7-8.  Modeled values are too low on the night of September 6-7.  If this data set is taken as a whole, though, it represents the range of values measured in the Houston Ship Channel.
The data shown in Figure S2 compare modeled and observed ground level surface area concentrations, however, aerosol surface area concentrations aloft are also important in evaluating chlorine cycling.  Only limited ambient data are available on aerosol surface area aloft.  During TexAQS II, researchers measured aerosol surface area of dry aerosol during flights of NOAA’s P3 aircraft.  These flights took place from mid September to mid October, 2006.  Therefore, they did not cover the same time period as the modeling episode and the R.V. Ronald H Brown measurements.  However, they can be used to determine the typical range of aerosol surface area concentrations in the Houston atmosphere and were examined to see if the model predictions of high surface area aloft are supported by ambient data.  Data from two flights (September 21, 2006 and October 5,2006) were examined.  Measurements from these flights show aerosol surface area concentrations less than 600 μm2/cm3, which is consistent with average modeled values, but is much less than maximum modeled values.  It is important to note that the measured surface area was reported for dry aerosol and that almost all particles in the Houston atmosphere are fully hydrated.  Santarpia et al. (2005) measured hygroscopic growth factors (wet diameter divided by dry diameter) for ambient aerosol in Southeast Texas.  They reported diameter growth factors of less than 1.4, corresponding to surface area growth factors of less than 2.  Consequently, even when corrections are made for hydration, the maximum modeled surface area of 4000 to 8000 μm2/cm3 is much greater than measured values.  However, even with the over-prediction of peak surface area concentrations, the average surface area concentrations aloft are similar to measured concentrations, so on a regional scale, the model should do a reasonable job of predicting the extent of heterogeneous chemistry aloft.

The accuracy of the predicted concentrations of N2O5, HNO3, and ClNO2 was evaluated through comparisons with measurements taken on board the RV Ronald H. Brown.  A complete description of the instruments and techniques is given in Osthoff et al. (2008).  It is difficult to make exact comparisons between the ship measurements and model predictions because the chemistry in the Houston atmosphere is strongly influenced by large intermittent emissions from local petrochemical facilities (Nam et al., 2006).  The emissions inventory used in this modeling is not expected to accurately capture the exact location and timing of these emissions events, but should do a reasonable job of predicting typical emissions for the area.  Therefore, comparisons of the average and range of concentrations can show whether model predictions are reasonable.  One set of comparisons was made for nights during which the R.V. Ronald H. Brown remained exclusively in the Houston ship channel: September 1-2, September 6-7, and September 7-8.  A second set of comparisons was made for nights during which the Ronald H. Brown remained exclusively in the Gulf of Mexico: August 31-September 1, September 2-3, September 3-4, September 4-5, and September 8-9.  These two regions are shown in Figure S1.  Comparisons between measured and modeled ground-level concentrations for N2O5, HNO3, and ClNO2 are shown in Figures S3, S4, and S5 respectively.  These figures show minimum, maximum, median, 1st quartile, and 3rd quartile values for the nights and regions of interest.  

The comparisons show mixed results in the Houston Ship Channel; modeled concentrations tend to be too high for N2O5, but do a reasonable job of predicting observed HNO3 and ClNO2 concentrations.  Figure S4 shows that median, minimum, and maximum values of HNO3 concentrations are almost identical for model predictions and measurement.  Both the model and measurements show low median values for ClNO2 (at or below 100 pptv) with occasional high values above 1000 pptv.  ClNO2 is not likely to greatly affect regional chemistry when its concentration is at the typical low background concentration, but could have a significant impact when it reaches peak values.  Therefore, for the purpose of investigating urban and regional photochemistry, the model’s ability to correctly capture maximum concentrations is most important.  This agreement between measured and modeled peak ClNO2 concentrations is not inconsistent with the model over-prediction of N2O5 in the ship channel.  N2O5 concentrations in the ship channel will be the combined result of local NOx emissions and NOx plumes that are advected into the region.  The model does not include any ClNO2 formation in the Houston Ship Channel, so ClNO2 in that region is formed in marine locations and advected into the Ship Channel.  The N2O5 over-prediction is consistent with rapid reactions of NO3 in the Ship Channel due to local emissions of NO and unsaturated hydrocarbons at the measurement location that may not be fully accounted for in the emissions inventory.  The considerable uncertainty in the emissions inventory leads to uncertainty in modeled NO3 loss pathways since reactions with NO and many VOCs act as NO3 sinks and will consequently affect N2O5 concentrations.  If the model does not accurately represent these emissions, especially at sub-grid scales, it may tend to overpredict N2O5 in the ship channel.  However, the model could still be accurately predicting N2O5 chemistry that is occurring in marine areas which in turn affect ClNO2 concentrations in this area.  

Comparisons between measured and modeled concentrations in the Gulf of Mexico show reasonable agreement.  Model predictions of surface-level N2O5 concentrations are similar to measured values except for a limited number of high N2O5 concentration peaks in the model which were not seen in the ship measurements.  On three of the four nights for which Gulf of Mexico data was analyzed, the modeled maxima were more than 15 times higher than the greatest measured N2O5 concentration.  This difference may be due to the regions sampled by the ship.  All of the model predicted maxima occurred in areas that were very close to shore.  The ship traveled further from shore.  Also, some of the maxima occurred near Beaumont, TX, where there are large point source emissions (near the Texas/Louisiana Border).  The ship did not traverse all the way to Beaumont during the modeled episode, so this maximum would not have been observed in ship measurements.  Therefore, for Gulf of Mexico data, the offset of the ship location from the location of the maximum modeled concentrations can explain the discrepancy in this comparison.  The modeled values for HNO3 and ClNO2 were within the range of values measured aboard the ship.  Again, given the uncertainties in the emissions inventory, the modeled values do a reasonable job when compared to measured values in the Gulf of Mexico.  

These comparisons between modeled values and measurements made aboard the R.V. Ronald H. Brown give little insight into N2O5 concentrations over land.  In addition to ship measurements, NOAA researchers made N2O5 measurements during flights of their P3 aircraft over Southeast Texas.  These measurements were not made during the modeling period, so they cannot be directly compared to modeled values.  However, they do show the range of N2O5 concentrations that would be expected over this region.  Data from two flights that covered the Houston area at night were evaluated for this purpose.  The aircraft remained at an altitude of around 1000 m for most of the time during these flights, but did make occasional climbs out of the residual daytime boundary layer and dips into the nocturnal boundary layer.  Only data that was taken between altitudes of 700 m and 1050 m (equivalent of CAMx layers 10, 11, and 12) are evaluated here.  The flights being evaluated took place on the nights of October 8, 2006, and October 12, 2006.

Figure S6 shows statistics of N2O5 concentrations measured during the P3 aircraft flights and from the area of interest during the model run.  Both the measurements and the model show low average concentrations with periodic peaks above 1000 pptv.  The median values from the model were significantly lower than median measured values.  This may be due to the fact that the aircraft selectively flew through polluted NOx plumes (both from the Parish power plant and from the Houston urban and industrial areas).  Therefore, the aircraft data do not represent a regional average and are expected to be biased high.  Nonetheless, this comparison indicates that N2O5 or NO3 loss rates may be over-predicted aloft.  Brown et al. (2007) report vertical gradients of both NO3 and N2O5 in coastal areas with both of these species having much longer lifetimes aloft than at ground-level.  Further model performance evaluations for the reactions involving these species should be conducted using measurements made aloft.  It should also be noted that model simulations predicted maximum N2O5 concentrations peak aloft at altitudes between 300 and 500 m.  These vertical profiles are consistent with measurements made during the New England Air Quality Study, which also show that N2O5 concentrations peak around those heights (Brown et al, 2007).   
Overall, comparisons between modeled pollutant concentrations and measured data show that the heterogeneous chemistry implemented into this simulation did a reasonable job of replicating the chemistry that occurs in the atmosphere of Southeast Texas.  Although modeled values did not always exactly match measurements, the range of values predicted generally fell within the range of measured values in this area.  Some differences between modeled and measured values are to be expected due to different spatial and temporal averaging and due to uncertainties in the emissions and meteorological data
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Figure S1: Grid cells for which modeled concentrations were compared to Houston Ship Channel measurements (highlighted in gray) (left) and grid cells for which modeled concentrations were compared to Gulf of Mexico measurements (highlighted in gray) (right)
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Figure S2: Measured and modeled aerosol surface area concentration values (minimum, maximum, median, 1st quartile, and 3rd quartile) in the Houston Ship Channel and in the Gulf of Mexico.  Data for the Houston Ship Channel were taken for the nights of September 1-2, September 6-7, and September 7-8.  Data for the Gulf of Mexico were taken for the nights of August 31- September 1, September 2-3, September 3-4, and September 4-5. 
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Figure S3: Measured and modeled N2O5 concentration values (minimum, maximum, median, 1st quartile, and 3rd quartile) in the Houston Ship Channel and in the Gulf of Mexico.  Data for the Houston Ship Channel were taken for the nights of September 1-2, September 6-7, and September 7-8.  Data for the Gulf of Mexico were taken for the nights of August 31- September 1, September 2-3, September 3-4, and September 4-5. 
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Figure S4: Measured and modeled HNO3 concentration values (minimum, maximum, median, 1st quartile, and 3rd quartile) in the Houston Ship Channel and in the Gulf of Mexico.  Data for the Houston Ship Channel were taken for the nights of September 1-2, September 6-7, and September 7-8.  Data for the Gulf of Mexico were taken for the nights of August 31- September 1, September 2-3, September 3-4, and September 4-5. 
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Figure S5: Measured and modeled ClNO2 concentration values (minimum, maximum, median, 1st quartile, and 3rd quartile) in the Houston Ship Channel and in the Gulf of Mexico.  Data for the Houston Ship Channel were taken for the nights of September 1-2, September 6-7, and September 7-8.  Data for the Gulf of Mexico were taken for the nights of August 31- September 1, September 2-3, September 3-4, and September 4-5. 
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Figure S6: Aircraft measurements and model predictions of N2O5 concentrations at elevations between 257 and 520 meters over the Houston region.  Aircraft measurements were taken on the nights of September 15, September 25, September 27, October 8, and October 12.  Model predictions were from all nights in the modeled episode.   
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Figure S7: HCl mixing ratios (ppbv) in a model simulation that did not include any ClNO2 formation at midnight on August 30, 2006 (top left), September 2, 2006 (top right), September 5, 2006 (bottom left), and September 8, 2006 (bottom right).  The Houston Ship Channel is outlined by a black box in the top left panel.  The moody tower is identified by a white dot in the top left panel.
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Figure S8: [Cl-] concentrations (M) in PM2.5 in a model simulation that did not include any ClNO2 formation at midnight on August 30, 2006 (top left), September 2, 2006 (top right), September 5, 2006 (bottom left), and September 8, 2006 (bottom right).
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Figure S9: [Cl-] concentrations (M) in coarse PM in a model simulation that did not include any ClNO2 formation at midnight on August 30, 2006 (top left), September 2, 2006 (top right), September 5, 2006 (bottom left), and September 8, 2006 (bottom right).
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