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1.  Introduction

The composition of atmospheric aerosols is determined in part by the nature of primary particle emissions and partly by the production of secondary atmospheric pollutants that condense to form particulate matter.  Two important secondary pollutants are sulfates and nitrates, formed from the atmospheric oxidation of emissions of gaseous sulfur dioxide and nitrogen oxides, respectively (Seinfeld and Pandis, 1998).

Because the sulfuric acid produced by atmospheric oxidation of SO2 has a very low equilibrium vapor pressure, it tends to partition mainly into atmospheric particles.  This may happen either by condensation onto pre-existing particles or by new particle formation.  In most environments sulfates are found primarily as constituents of submicron aerosol particles.  They may be present as sulfuric acid or as partly or fully neutralized sulfate salts.  Typically these are ammonium sulfate salts in the form of ammonium sulfate, ammonium bisulfate, letovicite, etc....

Nitric acid, produced by atmospheric oxidation of gaseous nitrogen oxides, is a gas phase species.  In the presence of gaseous ammonia, however, the nitric acid and ammonia can combine to form particulate ammonium nitrate salts.  This is a reversible reaction with an equilibrium that is strongly dependent on temperature and relative humidity (Seinfeld and Pandis, 1998); low temperatures and high humidities favor the formation of ammonium nitrate aerosol.

Understanding the propensity for ammonium nitrate aerosol formation also requires understanding the presence of acidic sulfate in the aerosol.  For a system containing sulfuric acid, ammonia, and nitric acid, thermodynamic constraints favor the formation of ammonium sulfate salts prior to equilibrium formation of ammonium nitrate.  In other words, if there is insufficient ammonia to fully neutralize the sulfate (a 2:1 molar ratio is required since two ammonia molecules pair with one sulfate to form fully neutralized (NH4)2SO4), nitrate is not expected to coexist with the sulfate in submicron particles.  If excess ammonia is available, however, ammonium nitrate can form.

As a result of decreasing SO2 emissions in the U.S., attention has begun to focus increasingly on the nitrate fraction of atmospheric aerosols.  In particular, concern has been expressed about the potential for replacement of sulfate by nitrate in fine aerosol particles.  If sulfate concentrations at a receptor site with an acidic aerosol were substantially reduced, due for example to upwind reductions in SO2 emissions, it is likely that the resulting aerosol would be less acidic.  If the sulfate concentrations were reduced far enough, sufficient ammonia might be present to neutralize the sulfate in the aerosol.  Further sulfate reductions beyond this neutralization point would leave some ammonia available to react with nitric acid to form particulate ammonium nitrate (assuming total N(-III) concentrations do not change in response to sulfate decreases).  Because two ammonia molecules are required to neutralize one sulfate molecule, two ammonia molecules can neutralize two nitric acid molecules, and two nitrate molecules have greater mass than one sulfate molecule, replacement of (NH4)2SO4 by NH4NO3 has the potential under the right circumstances to actually produce an increase in PM2.5 mass concentrations.

West et al. (2000) utilized model simulations of eastern U.S. aerosol composition to show that reductions in aerosol sulfate concentrations may be up to 50% less effective at reducing annual average fine particle mass concentrations than if the role of nitric acid is neglected.  The reduced effectiveness comes from increased formation of ammonium nitrate.  The effect was largest in winter, with up to half of the examined locations affected, but uncommon in summer due to higher temperatures which do not favor NH4NO3 formation.

Much less is known about the potential for nonlinear responses in fine particle mass concentrations (resulting from sulfate decreases) in western U.S. aerosol.  This is in large part due to a lack of information about current western U.S. aerosol acidity and concentrations of key species including gaseous ammonia and nitric acid.  Although the IMPROVE monitoring network makes routine measurements of aerosol composition at many locations in the western U.S., it does not measure concentrations of all the aerosol and gas phase species needed to examine the aerosol/gas partitioning of nitrate and the sensitivity of this partitioning to sulfate concentrations.  These issues are, however, sometimes addressed in special studies sponsored by the National Park Service and other agencies.

The ionic composition of aerosol particles was studied in detail at Big Bend N.P. during the 1999 BRAVO study.  During this study we found that the submicron aerosol was generally quite acidic, due to a lack of sufficient ammonia to fully neutralize the aerosol sulfate.  While some nitrate was found in the BRAVO aerosol, particle size-resolved composition measurements demonstrated that this nitrate was associated with larger sea salt and soil dust particles and not associated with the acidic submicron aerosol.  A large amount of gaseous nitric acid was also observed throughout most of the study, illustrating the potential for submicron ammonium nitrate formation in the event that sulfate concentrations were reduced and/or ammonia concentrations were increased.

The BRAVO data set provides an opportunity to consider whether hypothetical reductions in regional aerosol sulfate concentrations might be less effective than expected due to NH4NO3 formation.  In order to consider this issue, it is useful to determine the amount of “excess” sulfate present in BRAVO aerosol, where “excess” sulfate is defined as the concentration of sulfate minus the concentration of ammonium (i.e., the amount that sulfate concentrations would have to be decreased for the aerosol to become neutralized, assuming particulate ammonium concentrations remain unchanged).  The BRAVO “excess” sulfate timeline is shown in Figure 1a, along with timelines of PM2.5 sulfate and HNO3(g).  It is evident from the timelines that periods of high sulfate concentration also feature high concentrations of “excess” sulfate.   This point is further made in Figure 1b where a strong correlation (R2 = 0.86) is found to exist between “excess” sulfate and sulfate.  When sulfate concentrations are high, “excess” sulfate concentrations are also high, indicating that considerable reductions in aerosol sulfate concentrations could be made on these days before the aerosol became neutralized.  Second, the high temperatures present during the summer and fall at Big Bend do not favor formation of NH4NO3, even if additional gaseous ammonia is made available by sulfate reductions.  Last, even if all the available gaseous nitric were shifted to the particulate phase, the additional mass (see Figure 1a) would still be small during most periods relative to the sulfate concentration decreases required to neutralize the aerosol.  Accordingly, it appears that during summer and fall at Big Bend sulfate concentrations could be significantly decreased without much concern about nonlinear responses in fine particle mass concentrations.
[image: image1.png]GRAND CANYON NP

”g/mv FINEMASS

“len Mar May i Sep Nov
SULFATE WTRATE oo  Las  soiL




Figure 1.  PM2.5 aerosol composition measured at Big Bend N.P. during the 1999 BRAVO experiment.

Because measurements of all of these components are not routinely made throughout the western U.S. it is not easy to determine the extent to which the situation at Big Bend is representative of the situation at other western U.S. locations.  Nor are these results directly applicable to consideration of other seasons at Big Bend.  Some western U.S. locations may well have aerosol compositions that are close to the neutral point where reductions in sulfate would more quickly translate into possible increases in aerosol nitrate.

In order to consider the potential for nitrate replacement of sulfate in fine aerosol elsewhere in the interior western U.S., a one month study of aerosol composition was conducted at Grand Canyon National Park in spring 2003.  Preliminary findings from that study, sponsored by the National Park Service and Land and Water Fund of the Rockies (LAWFR, now Western Resource Advocates), are presented here.

2. Experimental description
2.1  Site selection

The region selected for the study was the Colorado Plateau.  This region is home to the so-called Golden Circle of National Parks, including Bandelier, Bryce Canyon, Canyonlands, Grand Canyon, Mesa Verde and Petrified Forest.  The IMPROVE network intensively monitors many aerosol characteristics in this region.  According to the May 2000 IMPROVE report (Malm, 2000), light extinction in this region is caused primarily by sulfate, organic species, and soil.  Nitrate is a smaller contributor at present, experiencing its highest concentrations in spring, but nitrate concentrations have been increasing at some sites (Malm, 2000).
Although Mesa Verde was originally considered for the LAWFR measurement campaign, a decision was made to conduct the measurements at Grand Canyon, due to complementary work already planned there under sponsorship of NPS/IMPROVE.  By conducting measurements at Grand Canyon, we were able to (1) sample for a month, rather than the 3 weeks originally proposed, (2) collect PM2.5 samples at time resolutions of 24 hours rather than the 48 hr samples originally proposed, and to add high time resolution (15 min) measurements of PM2.5 aerosol composition.  Measurements at Grand Canyon were targeted for spring, because that is the season when the park historically has the highest PM2.5 nitrate concentrations, based on IMPROVE data (see Figure 2).  Grand Canyon nitrate concentrations peak in May, so the study was scheduled for May 2003.  As seen in Figure 2, May is historically also the month featuring the 2nd highest aerosol fine mass concentrations.  The site utilized for the study was the existing IMPROVE site GRCA2 (Site Name: Hance Camp at Grand Canyon NP Longitude (dd): -111.9841 Latitude (dd): 35.9731 Elevation (m): 2267).  This site is located in a meadow approximately 200 m south of East Rim Drive and approximately 1.2 miles south of the Grandview point turnoff. 
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Figure 2.  IMPROVE data showing seasonal trends in PM2.5 aerosol concentrations at Grand Canyon (source: http://vista.cira.colostate.edu/improve/Data/GraphicViewer/seasonal.htm).
2.2  Measurements

Three types of measurements were made at Grand Canyon during the study.  PM2.5 composition, along with concentrations of gaseous nitric acid and ammonia, was measured using a URG annular denuder/filter pack system.  Size-resolved aerosol composition was measured using a  Micro Orifice Uniform Deposit Impactor (MOUDI).  Semi-continuous measurements of PM2.5 aerosol composition were made using a Particle Into Liquid Sampler (PILS) coupled to two Dionex ion chromatographs.

Several URG systems were operated in parallel to test measurement precision and different filter sampling and extraction protocols as part of the NPS/IMPROVE study.  We focus here on results from the first module, operated to collect 24 hr samples (08:00-08:00 local time).  This module contained a PM2.5 cyclone, a carbonate-coated annular denuder for nitric acid collection, a phosphorous acid-coated annular denuder for ammonia collection, a nylon filter for particle collection, a second nylon filter for collection of any nitric acid lost from the first filter, and a final phosphorous acid-coated annular denuder for collection of any ammonia lost from particles collected on the nylon filter.

Ion size distributions were measured over sequential 48 hr sampling periods (08:00-08:00) using a Multi Orifice Uniform Deposit Impactor (MOUDI).  The MOUDI was operated with eight stages with size cuts ranging from 0.18 to10 µm aerodynamic diameter.  An inlet stage collected particles with aerodynamic diameter > 18 µm and a Teflon after-filter collected particles with diameters below 0.18 µm.  Impaction surfaces were aluminum, with a silicone grease coating to reduce particle bounce.

Denuders were extracted on-site with deionized water.  Filters and impaction substrates were frozen for later extraction and analysis in our lab at CSU.  URG module 1 filters were extracted with deionized water (first nylon filter) or an alkaline sodium bicarbonate/sodium carbonate solution (2nd nylon filter).  Aluminum impaction substrates and the MOUDI after-filter were extracted with deionized water.  All filters were sonicated during extraction.  Ion analysis was completed on two Dionex DX-500 ion chromatographs.  A Dionex  AG4A-SC guard column, AS4A-SC separation column and a self-regenerating anion suppressor were used to measure anion (NO3-, Cl-, and SO42-) concentrations.  Cations (Na+, NH4+, K+, Mg2+, and Ca2+ ) were measured using a Dionex CG12A guard column, CS12A separation column and a self-regenerating cation suppressor.  Detection was by conductivity in both cases.  Both ion chromatographs used for URG and MOUDI sample analysis were calibrated daily using a series of standards prepared from analytical grade salts.  Replicate injections and analysis of independent NIST traceable standards were used to establish measurement precision and accuracy.
URG annular denuders and a PM2.5 cyclone (URG) were also used upstream of the PILS.  The first denuder was coated with Na2CO3 for removal of acidic gases and the second denuder was coated with phosphorous acid to remove basic gases.  The overall principle of PILS is to collect particles that comprise the PM2.5 aerosol mass into a small continuous flow of high purity water.  The liquid stream is then continually drawn to two ion chromatography systems for measurement of aerosol anions and cations using the same separation, suppression and detection schemes outlined above.  Calibration of the PILS IC’s was checked approximately every 4-5 days.
3.  Results and discussion
Measurements using the URG and MOUDI samplers were made at Grand Canyon beginning at 08:00 on May 1st and ending at 08:00 on May 31st.  PILS data are available for a slightly shorter time period.  Concentrations of PM2.5 aerosol observed during the study were typical of previous May concentrations measured by IMPROVE.

Figure 3 depicts timelines of PM2.5 ion concentrations.  Concentrations are expressed as mass concentrations in µg/m3.  On a mass concentration basis, sulfate is observed to be the dominant anion while ammonium is the dominant cation.  Sulfate concentrations during the month-long study range over approximately a factor of ten, from ~0.2 to nearly 2 µg/m3.  Nitrate concentrations are observed to range between approximately 0.1 and 0.5 µg/m3.  In addition to ammonium, both Ca2+ and Na+ are important contributors to cation concentrations.

Figure 4 depicts timelines of the concentrations of the most important ions in units of nanoequivalents per cubic meter (neq/m3).  These concentration units incorporate the charge on each species (e.g., one mole of sulfate equals two equivalents), permitting ready analysis of the charge balance in the aerosol.  The highest concentration species is ammonium, closely followed by sulfate.  This result indicates that more than sufficient ammonium is typically present in the aerosol to neutralize the sulfate.
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 Figure 3.  Timelines of PM2.5 ion concentrations measured using the URG sampler at Grand Canyon.
A comparison of ammonium concentrations vs. sulfate concentrations (Figure 5) shows this result again.  When ammonium concentrations are compared to the sum of nitrate and sulfate concentrations, however, it is clear that there is frequently insufficient ammonium present to balance the sum of nitrate and sulfate.  This finding suggests that other forms of nitrate and sulfate, e.g. products of the reaction of nitric or sulfuric acid (or their precursors) with soil dust or sea salt, may be present.
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Figure 4.  Timelines of major PM2.5 ion concentrations in neq/m3.
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Figure 5.  Comparison of PM2.5 concentrations of nitrate, sulfate, and ammonium.
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Figure 6.  PM2.5 concentrations of Cl- or Cl- + NO3- vs. Na+ in Grand Canyon aerosol.  The sea salt line defines a Cl- to Na+ ratio of 1.164.
If we assume the Na+ measured at Grand Canyon is associated with sea salt, we observe that there is a deficiency of Cl- (also observed at Big Bend).  If we sum NO3- and Cl- concentrations, we find there is usually more nitrate than can be explained by the amount of missing chloride and the ratio of nitrate plus chloride to Na+ falls above the Cl-/Na+ ratio in sea salt (Figure 6).  Nitrate concentrations are correlated with Na+ (See Fig. 7), but the correlation improves [image: image7.emf]Grand Canyon
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Figure 7.  Correlations between PM2.5 NO3- and Na+ or Na+ plus Ca2+ in Grand Canyon aerosol.
somewhat if nitrate is correlated against the sum of Na+ and Ca2+, again suggesting reaction of nitric acid with soil dust might be important here. 
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Figure 8 depicts the average size distributions of the major anions and cations as measured from the 48 hr MOUDI impactor samples.  Several points are clear from analyzing these distributions.  Figure 8.  Study average major ion size distributions measured at Grand Canyon using the MOUDI impactor.

First, the aerosol fine particle mode consists mainly of particles with aerodynamic diameters less than 1 µm and a composition of fully neutralized (NH4)2SO4.  Second, nitrate is contained mainly in a coarse particle mode, with most particles possessing aerodynamic diameters above 1 µm.  Third, the size distributions of nitrate and Na+ are similar, but nitrate concentrations on average exceed Na+ concentrations in essentially all particle sizes.  Fourth, Ca2+ exhibits an average size distribution quite similar to the average nitrate size distribution, with concentrations that are also similar.  Last, there is also sulfate present in coarse mode particles.  Since the amount of sulfate in these particles exceeds the amount of ammonium, it appears likely that the coarse sulfate is associated, like nitrate, with soil dust or reacted sea salt.  Ion size distributions from most 48 hr sampling periods show features generally similar to those discussed above for the study average size distributions.
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Figure 9.  PILS timelines (15-min resolution) of selected PM2.5 ions (top panel) and PILS nitrate vs. the sum of PILS Na+ and Ca2+ (lower panel).

As mentioned above, high time resolution (15 minute) measurements of Grand Canyon PM2.5 aerosol composition were made using a PILS sampler coupled to two ion chromatographs.  Figure 9 depicts timelines of ion concentrations (neq/m3) measured by this approach.  The timelines show some correlation between changes in nitrate and changes in Na+ (r2 = 0.36) and Ca2+ (r2 = 0.49).  An improved correlation is seen when plotting nitrate vs. the sum of Na+ and Ca2+ (r2 = 0.57) as shown in Figure 10.  Nitrate concentrations are observed to increase with increasing Na+ and Ca2+ concentrations, presumably reflecting increased reaction with advected sea salt and soil dust.  The average ratio of nitrate to the sum of Na+ and Ca2+ is approximately one-third.
In order to examine the potential for further particle formation at Grand Canyon, it is useful to consider the concentrations of key precursor species in the gas phase.  Figure 10 presents timelines of the mass concentrations of gaseous sulfur dioxide, ammonia, and nitric acid, measured using the URG annular denuders.  The highest concentration is observed for nitric acid, with values approaching 1 µg/m3 late in May.  Concentrations of sulfur dioxide are generally below 0.4 µg/m3, while NH3 concentrations increase from ~ 0.2 µg/m3 early in May to ~ 0.6 µg/m3 at the end of the study.
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Figure 10.  Timelines of mass concentrations of key gases measured at Grand Canyon using URG annular denuders.

Figure 11 depicts the ratios of each of these gases to the sum of the gas and its counterpart PM2.5 aerosol concentration throughout the study.  For example, the ratio of gaseous nitric acid to the sum of gaseous nitric acid and PM2.5 nitrate (this sum is designated as N(V), nitrogen in the +5 oxidation state) ranges between approximately 0.4 and 0.8.  The higher values occur later in the month.  Beginning May 10 and continuing until the end of the study, 60-80% of the total N(V) resides in the gas phase (neglecting contributions from nitrate in particles with aerodynamic diameters > 2.5 µm).  This indicates a significant potential for increasing nitrate’s contribution to particle mass.
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Figure 11.  Timelines of the fraction of key species present in the gas phase at Grand Canyon.  HNO3/N(V) denotes the ratio of nitric acid to the sum of nitric acid and PM2.5 nitrate.  SO2/SO2+SO4= denotes the ratio of sulfur dioxide to the sum of sulfur dioxide and PM2.5 sulfate.  NH3/N(-III) denotes the ratio of gaseous ammonia to the sum of ammonia and PM2.5 ammonium.

The likelihood of nitrate entering particles, due for example to changes in particulate sulfate concentrations, can be examined using an aerosol thermodynamic model.  We conducted this analysis using the model ISORROPIA v. 1.5 (Nenes et al., 1998. 1999).  This model treats gas-particle equilibria for a system containing ammonium, nitrate, sulfate, sodium, and chloride.  Soil components (e.g., Ca2+ and Mg2+) are not included.  In addition, the version of the model used here permits only one (internally mixed) aerosol composition.  In other words, it cannot predict variations in aerosol composition with size or between particles of the same size.  Inputs to the model simulation include: total sulfate (as H2SO4), total ammonium (gaseous ammonia + particulate ammonium, as NH3), total nitrate (gaseous nitric acid plus particulate nitrate, as HNO3), total Cl- (as HCl), Na+, relative humidity (RH) and temperature.  Where particulate concentrations were called for, we used measured PM2.5 concentrations.  Average temperature values measured during each 24 hr sample were input for temperature.  Because RH values were not immediately available for the study period, we performed a sensitivity analysis, looking at RH values of 20% (a typical May value for the Grand Canyon area) and a higher value of 50%.
The model was applied to examine the predicted equilibrium composition of PM2.5 aerosol at Grand Canyon and to watch how this predicted composition changes as sulfate concentrations are reduced.  The intent of this evaluation was primarily to determine the likelihood of NH4NO3 formation that might occur in response to future reductions in aerosol sulfate and associated nonlinearities in fine particle mass reductions.  The main finding from these analyses is that significant formation of NH4NO3 is unlikely, even as available gaseous ammonia increases in response to sulfate decreases.  The lack of NH4NO3 formation can primarily be attributed to the relatively high temperatures and low humidities characteristic of this region in spring and summer.

Figure 12 depicts the results of the aerosol composition simulations for RH=50%.  Panels are included showing PM2.5 mass, gaseous ammonia, PM2.5 ammonium sulfate, gaseous nitric acid, PM2.5 sodium sulfate, and PM2.5 sodium nitrate.  Five lines are included in each panel, showing how predicted PM2.5 mass on each day changes from current conditions (100% sulfate) to hypothetical scenarios where the particulate sulfate concentration is reduced to levels equal to 75%, 50%, 25%, and 0% of the current value.  All other species inputs were held constant.  As sulfate is initially reduced, it is apparent that PM2.5 mass also decreases, accompanied by decreases in particulate ammonium sulfate and increases in gaseous ammonia.  This pattern changes only at large sulfate reductions in excess of 50%.  For example, the simulations for May 2nd and May 5th predict that when sulfate is reduced from 50 to 25% of its present value, a slight increase in PM2.5 mass is observed.  The mass increase is accompanied by a decrease in gaseous nitric acid.  The predicted mass increase on these two days does, in fact, reflect replacement of sulfate by nitrate, but it is replacement of Na2SO4 by NaNO3 that occurs (see bottom two panels in Figure 12), not replacement of (NH4)2SO4 by NH4NO3.  Reductions of gaseous nitric acid and replacement of sodium sulfate by sodium nitrate become more common in the simulations as sulfate is further reduced to 0% of its current value.  These predictions, however, must be judged cautiously.  The nitrate replacement effect at extreme sulfate reduction levels is magnified by the absence of Ca2+ in the ISORROPIA simulations.  Because Ca2+ is not included, gas phase nitric acid concentrations are overpredicted by the model which pairs sulfate, not nitrate, with Na+.  In the absence of available Na+ or any Ca2+, the simulation forces all nitrate into the gas phase.  Even aside from this limitation of the ISORROPIA simulations, however, it is clear that sulfate replacement by nitrate is unlikely except at extreme levels of sulfate reduction.

[image: image13.emf]R

2

 = 0.86

0

1

2

3

4

0 1 2 3 4 5 6 7 8 9

Sulfate (µg/m

3

)

Excess Sulfate (µg/m

3

)

(B)


Figure 12.  Timelines of aerosol and gas composition at Grand Canyon predicted by simulations using the ISORROPIA aerosol thermodynamic model.  Predictions are shown for sulfate at its current level (100% sulfate) and for sulfate reduced to 75%, 50%, 25%, and 0% of its current level.

The absence of a tendency for the atmosphere to readily form NH4NO3 in May at Grand Canyon suggests that significant reductions in regional sulfate can be achieved without great concern about potential sulfate replacement by nitrate or increases in PM2.5 mass.  Only at extreme levels of sulfate reduction, exceeding 75%, do the model simulations suggest any significant movement of nitrate from the gas phase into particles and the effect predicted here is probably exaggerated by the absence of Ca2+ in the model’s treatment of aerosol thermodynamics.

While we must be cautious in trying to extend these conclusions to other locations, it seems most likely that a similar picture would emerge at other sites on the Colorado Plateau with similar climates if data were available.  This hypothesis should be tested by additional measurements at another key location such as Mesa Verde.  It would also be worth examining the behavior of the system under winter conditions.  May was selected for the current study because that is when PM2.5 nitrate concentrations have been observed to peak at Grand Canyon.  Based on our observations, it appears that the relatively high nitrate concentrations present at this time of year are due to reactions of gaseous nitric acid with sea salt and soil dust.  We do not know what form Grand Canyon nitrate exists in during the colder winter months, but a secondary seasonal peak is observed at Grand Canyon in December (see Fig. 2).  Certainly the chances of NH4NO3 formation are greater then and the system might also be more sensitive to additional ammonium nitrate formation in response to increases in gaseous ammonia associated with any reductions in aerosol sulfate.  For these reasons, we recommend that a future study be conducted in the region during winter to evaluate aerosol composition and its sensitivity to changes in ambient sulfate levels.
4.  Summary

Measurements of aerosol composition at Grand Canyon in May 2003 indicate the ionic fraction of the aerosol is a complex mixture of submicron ammonium sulfate and supermicron nitrate and sulfate salts.  The coarse mode nitrate and sulfate appear to be present mainly in the form of calcium or sodium salts, products of reaction of nitric or sulfuric acid (or their precursors) with sea salt and soil dust.  Sulfate concentrations generally were several times nitrate concentrations on a mass basis; the sulfate to nitrate ratio for 24 hr samples ranged from approximately 1.2 to 8.2.  An aerosol thermodynamic model (ISORROPIA) was applied to predict how gas-particle partitioning of nitrate and fine particle mass concentrations might change if aerosol sulfate concentrations were reduced at Grand Canyon due, for example, to future reductions in upwind sulfur dioxide emissions.  The simulations suggest that sulfate replacement by nitrate in the aerosol is likely only in response to large sulfate concentration decreases, on the order of 75% or more.  It is recommended that additional research be conducted to determine whether this finding is representative of other locations on the Colorado Plateau or other seasons of the year.
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