
Highlights 1 

• Estimates of transference ratios and related modeled parameters for oxidized sulfur and 2 

oxidized nitrogen were made using five years (2002-2006) of 12-km grid cell-specific 3 

annual output from EPA’s Community Air Quality Model (CMAQ) for five selected sub-4 

regions in the eastern US. 5 

• Model estimated annual transference ratios have both spatial variability (grid cell-to-grid 6 

cell) and temporal variability (across the five modeled years). 7 

•  Assuming proportionality rather than equality between cell-specific and regional 8 

deposition appears to reduce the impact of modeled spatial variability of transference 9 

ratios on estimates of regional total deposition by a substantial margin. 10 

• Examination of five years of annual model predictions (along with an assumed annual 11 

CV of 10% for the monitored airborne concentration) suggests that in the sub-regions that 12 

were considered, estimates of modeled regional total deposition have maximum 95% CIs 13 

of ±26% for oxidized sulfur and ±25% for NOY. 14 
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Abstract. 12 

 13 

 The current study examines predictions of transference ratios and related modeled 14 

parameters for oxidized sulfur and oxidized nitrogen using five years (2002-2006) of 12-km grid 15 

cell-specific annual estimates from EPA’s Community Air Quality Model (CMAQ) for five 16 

selected sub-regions in the eastern US. Modeled total deposition and modeled airborne 17 

concentrations are moderately to poorly correlated in the selected sub-regions of the eastern US. 18 

The monitored oxidized nitrogen species (OxN) considered in the current study include airborne 19 

gaseous nitric acid (HNO3) and particulate nitrate (NO3
-), and nitrate ion (NO3

-) in precipitation. 20 

Modeled airborne OxN accounts for approximately 20% of the modeled airborne concentration 21 

of the total reactive oxidized oxidized nitrogen (NOY) but is responsible for approximately 80% 22 

of the modeled total deposition of NOY. Airborne OxN concentration may be a better predictor 23 

of total deposition of NOY in some locations; whereas, airborne NOY concentration may be better 24 

in others. Modeled airborne concentration and total deposition for both oxidized sulfur and OxN 25 

tend to be higher than corresponding monitoring-based results, suggesting a need for both model 26 

refinement and more comprehensive comparisons with monitoring results. Model estimated 27 

annual transference ratios have both spatial variability (grid cell-to-grid cell) and temporal 28 

variability (across the five modeled years). Two approaches are explored to investigate the 29 

impacts of modeled spatial variability of transference ratios on estimates of regional total 30 

deposition. Assuming proportionality rather than equality between cell-specific and regional 31 
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deposition appears to reduce the impact of modeled spatial variability of transference ratios on 32 

estimates of regional total deposition by a substantial margin, to perhaps ±20% for oxidized 33 

sulfur and ±10% for oxidized nitrogen. Overall estimates of the variability of estimated regional 34 

total deposition were made, considering modeled cell-to-cell spatial variability and modeled 35 

year-to-year temporal variability along with the variability of monitored airborne concentration. 36 

The variability of monitored airborne concentration was found to influence strongly the resulting 37 

variability in regional total deposition estimated with input from CMAQ. Examination of five 38 

years of annual model predictions (along with an assumed annual CV of 10% for the monitored 39 

airborne concentration) suggests that in the sub-regions that were considered, estimates of 40 

modeled regional total deposition have maximum 95% CIs of ±26% for oxidized sulfur and 41 

±25% for NOY. These findings should be considered with caution because they are based almost 42 

entirely on modeled annual results (i.e., modeled spatial and modeled temporal variability along 43 

with variability of monitored airborne concentrations), and they fail to consider several sources 44 

of uncertainty, including discrepancies between model predictions and monitoring results as well 45 

as important deposition processes. 46 

 47 
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 50 

    51 

1. Introduction 52 

 53 

The US Environmental Protection Agency (EPA) is considering the use of “transference 54 

ratios” in the formulation of Secondary National Ambient Air Quality Standards (NAAQS) for 55 

oxides of nitrogen and oxides of sulfur as a means to estimate their total atmospheric deposition 56 

(US EPA, 2011). The concept of a “transference ratio,” introduced in US EPA (2011), was 57 

defined as the ratio of total (i.e., dry plus wet) deposition to the airborne concentration of the 58 

species of interest. This expresses the notion that the amount of an acidifying species deposited 59 

to the earth’s surface within a given area over a given period of time is proportional to the 60 

average airborne concentration of the acidifying species over the same area during the same time 61 

period, where the proportionality constant is called a transference ratio. 62 
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 63 

In the development of the Secondary NAAQS, combinations of maximum one-year 64 

acceptable (i.e., critical) total acidic deposition loads will be determined for geographical areas 65 

of interest (US EPA, 2011). Transference ratios of acidic species of interest will be predicted 66 

using air quality models (e.g., EPA’s Community Air Quality Model (CMAQ (Byun and Schere 67 

(2006))). These model-estimated transference ratios will be used with monitored atmospheric 68 

concentrations to estimate total acidic deposition loads that can be compared with one-year 69 

critical total acidic deposition loads to determine compliance of the monitored ambient acidic 70 

airborne concentrations. 71 

 72 

A brief examination of transference ratios for oxidized sulfur and monitored oxidized 73 

nitrogen has been performed using monitoring data from the Clean Air Status and Trends 74 

Network (CASTNET for dry deposition) and the National Acid Deposition Program (NADP for 75 

wet deposition) (Sickles and Shadwick, 2012). That study focused on the major oxidized sulfur 76 

species (i.e., airborne gaseous sulfur dioxide (SO2), airborne particulate sulfate (SO4
2-), and 77 

sulfate ion (SO4
2-) in precipitation). Total reactive atmospheric oxidized nitrogen includes nitric 78 

oxide (NO), nitrogen dioxide (NO2), nitric acid (HNO3), peroxyacetyl nitrate (PAN), nitrous acid 79 

(HONO), other organic nitrates, and airborne particulate nitrate (NO3
-). Since monitoring data 80 

for the total of all major oxidized nitrogen species (commonly known as NOY) are not currently 81 

available, a parallel analysis of NOY could not be performed. Nevertheless, using the available 82 

monitoring data, analogous analyses of airborne concentration and total deposition were 83 

performed for the monitored oxidized nitrogen species, OxN (i.e., airborne gaseous HNO3, 84 

airborne particulate NO3
-, and NO3

- in precipitation). Site-specific transference ratios were 85 

examined at weekly, seasonal, and annual temporal scales. That study found that at specific sites 86 

in the eastern US, annual estimates of total deposition to within ±25 to ±35% might be expected 87 

using species- and site-specific transference ratios along with annual average monitored airborne 88 

concentrations. However, considerable uncertainty remained because the concept failed to 89 

account explicitly for highly variable wet deposition processes. 90 

  91 

The goal of the current study is to examine predictions of transference ratio and related 92 

parameters for oxidized sulfur (TS), the monitored oxidized nitrogen species, noted above (TOxN), 93 
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and the total of all major oxidized nitrogen species, noted above (TNOy) using five years of model 94 

estimates from CMAQ, Version 4.7. The following related issues are explored: typical variability 95 

of model-predicted annual transference ratio across time (2002-2006) and across space (the 96 

eastern US and five selected sub-regions within the east); the variability across time and space 97 

associated with model-predicted airborne concentration and total deposition of oxidized sulfur 98 

and oxidized nitrogen; and selected implications of modeled variability across time and space on 99 

estimated total deposition that may be relevant in the formulation of a standard. 100 

   101 

 102 

2. Approach 103 

 104 

Air quality simulations for the eastern US have been produced using EPA’s CMAQ, 105 

Version 4.7 (Foley et al., 2010), with 5-minute time steps and a 12-km grid size. Although 106 

predictions are available for 24 layers between the earth’s surface and the tropopause, the current 107 

study employed only values associated with the lowest layer (≈36 m thick). Modeled hourly 108 

values have been aggregated and stored and may subsequently be aggregated to the temporal 109 

resolution of interest. Annual aggregates for the years 2002-2006 are used in the current study. 110 

Details of model inputs and configuration (e.g., emissions, meteorological driver, and deposition 111 

schemes) have been described by Foley et al. (2010), Appel et al. (2011), and Pleim et al. (2001). 112 

In addition, an operational performance evaluation of these 2002-2006 CMAQ model 113 

simulations has been reported by Appel et al. (2011). Model output includes many parameters 114 

(e.g., airborne concentrations of many chemical species, as well as their dry and wet deposition). 115 

Transference ratio is taken to be the species-specific ratio of annual total deposition to annual 116 

airborne concentration. Consistent terminology is employed to permit comparison between the 117 

modeled results in the current document and the monitored results of Sickles and Shadwick 118 

(2012). Oxidized sulfur species is designated by “S;” monitored oxidized nitrogen species by 119 

“OxN;” and the total of all major oxidized nitrogen species by “NOY” in the text and in various 120 

figures and tabulations.  121 

 122 

The geographical area considered is illustrated in Fig. 1 and includes the eastern US 123 

(starting one state west of the Mississippi River and moving east to the Atlantic Ocean). In 124 
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addition, five selected sub-regions are considered:  the Adirondack (ADR) in northern New 125 

York; the Potomac (POT) from northern Virginia to south central Pennsylvania; the Coastal 126 

Carolinas (CC) in southeastern Virginia and northeastern North Carolina; the Neuse (NEU) an 127 

area contained within the CC; and the high elevation (HEL) area, above 600m, of western North 128 

Carolina and Virginia and eastern Tennessee and Kentucky. These sub-regions were chosen to 129 

represent a range of conditions and are similar to selected eastern US case study regions in US 130 

EPA (2011). The number of 12-km model grid cells within each region is given as follows: 131 

ADR, 162; CC, 500; HEL, 276; NEU, 101, POT, 251; and East, 21106. It should be noted that 132 

although cloud deposition may be a sizable and important contributor to total acidic deposition to 133 

vulnerable ecosystems located at high elevations (Sickles and Grimm, 2003), the contribution of 134 

cloud deposition to the total is not considered in the current study because it is neither modeled 135 

nor monitored extensively on a routine basis. 136 

 137 

 138 

3. Results and Discussion 139 

 140 

3.1. Site-Specific Comparisons:  Same Years of CASTNET and CMAQ Results 141 

 142 

Two earlier studies of dry, wet, and total deposition in the eastern US over the 15-years 143 

between 1990 and 2004 have been published using measurements from CASTNET and NADP 144 

monitoring sites (Sickles and Shadwick, 2007a&b). Sites, land use, terrain features, elevation, 145 

latitude, longitude, and mapped location are shown in Sickles and Shadwick (2007b). Analogous 146 

CASTNET and NADP data with four complete seasons of monitoring data for specific years 147 

between 2002 and 2004 have been compiled for comparison with corresponding CMAQ annual 148 

estimates. Quantitative comparisons between monitored and corresponding model estimates of 149 

airborne concentration, total deposition, and transference ratio are shown in Table 1. Here, 150 

relative differences (RDs) between model- and monitor-based results are displayed for 17 site-151 

years of oxidized sulfur data and 13 site-years of OxN data. The chemical species comprising 152 

airborne oxidized sulfur include gaseous sulfur dioxide (SO2), airborne particulate sulfate (SO4
2-153 

), and sulfate ion (SO4
2-) in precipitation. Although a parallel analysis of monitored NOY species 154 

could not be performed, analogous analyses of airborne concentration and total deposition were 155 
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performed for the available OxN species. As noted earlier, the OxN species include airborne 156 

gaseous nitric acid (HNO3), airborne particulate nitrate (NO3
-), and nitrate ion (NO3

-) in 157 

precipitation. 158 

 159 

As indicated in Table 1, model estimates of airborne concentration and total deposition 160 

for both oxidized sulfur and OxN tend to be higher than the corresponding monitoring-based 161 

results. Median RDs between model- and monitor-based results for airborne oxidized sulfur 162 

concentration (CSg) and total deposition (DStotal) are 12% and 37%, respectively. Corresponding 163 

median RDs for airborne OxN concentration (COxNg) and OxN total deposition (DOxNtotal) are 164 

42% and 39%. Relative differences between model- and monitor-based results for transference 165 

ratios of oxidized sulfur (TS) range between -14 and 134%, with mean and median values of 38% 166 

and 24%. Relative differences between model- and monitor-based results for transference ratios 167 

of OxN (TOxN) range between -37 and 64%, with mean and median values of 2% and -5%. While 168 

these comparisons are promising, they also suggest the need for both model refinement and more 169 

comprehensive comparisons with monitoring results. 170 

 171 

3.2. Correlation of CMAQ Grid Cell Estimates in Various Eastern Regions 172 

 173 

Annual values of selected variables have been retrieved from five years (2002-2006) of 174 

CMAQ runs and averaged by cell. Pearson correlation values are given in Table 2 for various 175 

pairings of the modeled 5-year average concentration of selected species and modeled 5-year 176 

average total deposition values in each geographical area. In addition, mean ratios of modeled 177 

airborne concentrations of OxN and NOY (i.e., COxNg / CNOyg), as well as mean ratios of their 178 

total deposition values (i.e., DOxNtotal / DNOytotal) are illustrated in Table 2. 179 

 180 

Modeled total deposition of oxidized sulfur (DStotal) and modeled airborne concentrations 181 

of oxidized sulfur (CSg, expressed as S) are moderately correlated in each of the sub-regions of 182 

the eastern US, with correlation values ranging from 0.46 to 0.80. 183 

 184 

Modeled airborne concentrations of NOY (CNOyg) and modeled airborne concentrations of 185 

OxN (COxNg, expressed as N) are moderately correlated in each of the eastern sub-regions, with 186 
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correlation values ranging from 0.69 to 0.84. The modeled airborne concentration of OxN 187 

accounts for between 18% and 24% of the modeled airborne concentration of NOY (see ratio, 188 

COxNg / CNOyg). Modeled total deposition of OxN (DOxNtotal) and modeled total deposition of NOY 189 

(DNOytotal) are highly correlated in each of the various regions of the eastern US, with correlation 190 

values ranging from 0.94 to 1.00 (0.998). However, in contrast to the relatively small (i.e., 20%) 191 

contribution of modeled airborne OxN concentration to that of modeled NOY, the modeled total 192 

deposition of OxN accounts for 75% to 85% of the modeled total deposition of NOY. 193 

 194 

 Correlation coefficients between modeled total deposition values of OxN and NOY with 195 

their corresponding modeled airborne concentrations are also shown in Table 2. Modeled total 196 

deposition of NOY (DNOytotal) and modeled airborne concentration of NOY (CNOyg) are moderately 197 

to poorly correlated in the eastern sub-regions (0.76 > r > 0.08). Corresponding correlations for 198 

OxN (0.48 > r > 0.20) are higher for ADR and HEL, but lower for CC, NEU, and POT. Their 199 

relative magnitudes reflect to a large extent differences in chemical composition imposed by 200 

complex and heterogeneous source-sink relationships and differences in deposition velocities of 201 

individual oxidized nitrogen species present in air masses arriving at various receptor sub-202 

regions. For example, the two relatively high elevation sub-regions (ADR and HEL) show much 203 

higher correlations between both modeled total deposition of OxN (DOxNtotal) and modeled total 204 

deposition of NOY species (DNOytotal), with the modeled airborne concentration of OxN (COxNg) 205 

than with the modeled airborne concentration of NOY (CNOyg). This may be due to OxN at high 206 

elevations being composed largely of HNO3, a highly soluble species with a very high deposition 207 

velocity. Although detailed interpretation of the tabulated correlation values is beyond the scope 208 

of the current effort, these results do suggest that the airborne OxN concentration (COxNg) may be 209 

a better predictor of total deposition of NOY in some locations; whereas, the airborne NOY 210 

concentration (CNOyg) may be better in others. 211 

 212 

3.3. CMAQ Regional Estimates:  Deposition, Concentration, Transference Ratio and Variability 213 

 214 

Regional means across cells of 5-year average cell values of modeled total deposition, 215 

modeled airborne concentration, and transference ratio are illustrated in Table 3. Modeled 216 

airborne regional oxidized sulfur concentrations range between 1.9 (ADR) and 6.4 (POT) 217 
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µgS/m3, and modeled regional total deposition of oxidized sulfur ranges between 9.5 (ADR) and 218 

15.8 (POT) kgS/ha-y. Spatial CVs of these two indices (designated as CV(s) in Table 3) range 219 

between 12% and 28% for the sub-regions, but are near 60% for the very large eastern US (not 220 

shown). In addition, the spatial CVs of modeled regional total deposition and modeled airborne 221 

concentration are remarkably similar year-to-year for each of the five years as well as for the 5-222 

year means (not shown). 223 

 224 

 Modeled regional airborne NOY concentrations range between 1.8 (ADR) and 5.6 (POT) 225 

µgN/m3, and modeled regional total deposition of NOY ranges between 6.0 (ADR) and 7.9 226 

(POT) kgN/ha-y. Spatial CVs are substantial for modeled regional airborne NOY concentration, 227 

ranging between 20 and 55% in the sub-regions, but only range between 13 and 21% for total 228 

deposition of NOY. 229 

 230 

 Transference ratio for a grid cell may be illustrated by the slope (through zero) of a plot 231 

of modeled cell-specific airborne concentration versus modeled total deposition within that cell. 232 

The ensemble of such points for all the cells in the sub-region under consideration illustrates the 233 

spatial variability of transference ratios for that sub-region. The spatial variability of cell-specific 234 

modeled 5-year average transference ratios is shown by the range of slopes associated with cells 235 

across each of the five sub-regions for oxidized sulfur in Fig. 2 and for NOY in Fig. 3. Note the 236 

constant slope (transference ratio) reference lines for the five regional ensembles of cells 237 

illustrated in these two figures. 238 

 239 

As shown in Table 3, the magnitude of the mean modeled 5-year mean regional 240 

transference ratio for oxidized sulfur is about 50% larger than that for NOY, ranging between 2.5  241 

(POT) and 4.9 (ADR) [(kgS/ha-y)(m3/µgS)] for oxidized sulfur and between 1.6 (NEU) and 3.4 242 

(ADR) [(kgN/ha-y)(m3/µgN)] for NOY. Cell-by-cell maps of these modeled 5-year mean 243 

transference ratios, illustrating their spatial distribution across the eastern US, are shown in Fig. 244 

4 for oxidized sulfur and Fig. 5 for NOY. Quartiles of the distribution of transference ratios in the 245 

eastern US are identified by color in these figures (note that the median TS is 2.78 and the 246 

median TNOy is 1.71). 247 

 248 
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 Variability of modeled total deposition, modeled airborne concentration, and modeled 249 

transference ratio is illustrated both spatially (i.e., CV(s), using 5-year average cell values across 250 

the cells contained within each region) and temporally (i.e., CV(t), across five years of annual 251 

CMAQ model estimates). Modeled 5-year average transference ratios for both oxidized sulfur 252 

and oxidized nitrogen show considerable spatial variability across cells (i.e., CV(s) > 12% for all 253 

regions (i.e., 13 to 36%); also see Fig. 2 and 3). In contrast to the magnitudes of the modeled 254 

transference ratios themselves, the spatial variability of modeled NOY transference ratios is about 255 

50% larger than those for oxidized sulfur. 256 

 257 

Regional distributions of temporal variability of modeled transference ratios are 258 

illustrated by mean, minimum, and maximum CV(t) values in Table 3. Mean CV(t) values for 259 

oxidized sulfur are ≤ 10% and are lower still (≤ 6%) for oxidized nitrogen, while the ranges are 260 

fairly narrow for both species at between approximately 5 and 13%. Maps of CV(t) for the 261 

eastern US are shown in Fig. 6 for oxidized sulfur and Fig. 7 for NOY. Although there is some 262 

evidence for trends in the modeled 5-year behavior of airborne NOY concentration and total 263 

deposition, there is no trend evidence for airborne oxidized sulfur concentration or total 264 

deposition and none for the transference ratios for either oxidized sulfur or oxidized nitrogen (not 265 

shown). The lack of trend in the model-based transference ratios of oxidized sulfur and oxidized 266 

nitrogen suggests that their temporal variability may represent their natural variability. Since 267 

95% CI for 4 degrees of freedom are defined by 2.776 x CV, temporal 95% CI of ±25% 268 

corresponds to CV(t) ≤ 9% (i.e., 25/2.776=9.0). Using the results shown in Fig. 6 and 7, it may 269 

be inferred that large areas in the East have temporal 95% CI for transference ratios of oxidized 270 

sulfur that exceed ±25%; while in contrast, very few areas have corresponding temporal 95% CI 271 

for transference ratios of oxidized nitrogen that exceed ±25%. 272 

 273 

The spatial variability (CV(s)) of modeled transference ratios of both oxidized sulfur and 274 

oxidized nitrogen shown in Table 3 exceed their corresponding 5-year temporal variability 275 

(CV(t)). The CV(s) of the modeled transference ratio of oxidized sulfur exceeds CV(t) by a 276 

factor of approximately two; while this factor is approximately six for the modeled transference 277 

ratio of oxidized nitrogen. The rather large spatial variability of modeled transference ratios 278 

underscores the importance of selecting regionally representative monitoring sites if location-279 
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specific monitored concentrations and grid cell-specific modeled transference ratios are to be 280 

used to estimate regional total deposition.   281 

 282 

3.4. Considerations in the Development of an Atmospheric Standard 283 

 284 

 A regression approach for predicting site-specific total oxidized sulfur deposition from 285 

airborne oxidized sulfur concentration has been examined using monitoring data by Sickles and 286 

Shadwick (2012). This approach assumes that the airborne concentration is measured without 287 

error. EPA has proposed an approach using a model-estimated transference ratio that has the 288 

same form as the regression estimator examined previously (Sickles and Shadwick, 2012). This 289 

approach assumes that model-estimated transference ratios for species “i” (Ti
model) will be used 290 

with monitored airborne concentrations (Ci
mon) to estimate total acidic deposition loads (Di

est) 291 

that may be compared with critical total acidic deposition loads to determine compliance of 292 

monitored ambient acidic precursor airborne concentrations (see Equation (1) below). 293 

 294 

Di
est = Ci

mon Ti
model         (1) 295 

 296 

It is uncertain how well airborne concentration monitored at a point in space is 297 

represented by a modeled three-dimensional average (i.e., across a 12-km grid cell within the 298 

lowest model layer). Results, shown earlier in Table 1, provide some insight, but more 299 

comprehensive study is needed to permit quantification. Uncertainty also exists with both the 300 

model-estimated transference ratios and monitored airborne concentrations. In addition, it is 301 

unclear how an approach incorporating the transference ratio concept will be implemented in 302 

practice. As a result, it is unclear how uncertainties in both the model-estimated transference 303 

ratios and monitored airborne concentrations will impact estimates of total deposition. Two cases 304 

are examined in this section to explore the implications of spatial variability and assumptions 305 

regarding spatial representativeness. Finally, an attempt is made to incorporate spatial variability, 306 

temporal variability, and variability associated with monitored airborne concentration into 307 

overall estimates of the variability of estimated regional total deposition. 308 

 309 

3.4.1. Case 1: Assume Estimated Cell-Specific Deposition Represents the Whole Sub-Region  310 
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All the previously developed discussion surrounding modeled transference ratios (for 311 

chemical species “i”) is grid cell-specific and may be expressed in Equation (2). 312 

 313 

TiC = DiC / CiC           (2) 314 

 315 

In this equation TiC, DiC, and CiC represent the modeled (the superscript “model” as shown in 316 

Equation (1) has been omitted in this and subsequent equations) cell-specific transference ratio, 317 

modeled cell-specific total deposition, and modeled cell-specific airborne concentration of 318 

chemical species “i” within a sub-region where air monitoring occurs. One approach toward 319 

using this concept in the development of a standard is to assume that the modeled grid cell 320 

behavior is representative of the region under consideration. This means that the modeled grid 321 

cell-specific transference ratio, modeled grid cell-specific total deposition, and modeled grid 322 

cell-specific airborne concentration of species “i” represent the region under consideration. This 323 

is expressed in Equation (3), where TiR, DiR, and CiR represent the modeled regional transference 324 

ratio, modeled regional total deposition, and modeled regional airborne concentration. 325 

 326 

TiC = DiC / CiC  ≈   TiR = DiR / CiR         (3)  327 

 328 

Under the assumption that the airborne concentration of species “i” monitored within a grid cell 329 

within the region (CiC
mon) represents the regional average airborne concentration, the cell-330 

specific total deposition may be estimated (DiC
est) and the regional total deposition may be 331 

estimated (DiR
est) according to Equation (4).      332 

 333 

CiC
mon TiC  =  DiC

est  ≈  DiR
est        (4) 334 

 335 

Modeled grid cell-specific transference ratios exhibit sizable spatial variability, as shown 336 

by examining the regional mean and regional CV(s) of cell-specific five-year average ratios in 337 

Table 3 (i.e., regional CV(s) of ≤ 22% for oxidized sulfur and ≤ 36% for NOY) and Fig. 2 to 5. 338 

This raises concern about how well any value from one three-dimensional grid cell represents the 339 

value across multiple grid cells defining a sub-region of interest. To address this 340 

representativeness issue resulting from spatial heterogeneity, assessments have been performed 341 
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using CMAQ model output. Three-year means of annual 2002-2004 grid cell-specific 342 

transference ratios (i.e., TiC in Equation (4)) were determined for both oxidized sulfur and for 343 

NOY. Two individual years of model output (2005 and 2006) were used to provide grid cell-344 

specific concentration values for both oxidized sulfur and for NOY to simulate monitored 345 

concentration (i.e., CiC
mon in Equation (4)). Modeled 2005 and 2006 regional total deposition for 346 

both oxidized sulfur and for NOY were determined to simulate regional total deposition for these 347 

two years. These simulated regional total deposition values were then compared on a cell-by-cell 348 

basis in the Case 1 assessment with estimates of regional total deposition (i.e., DiR
est) determined 349 

using Equation (4). This assessment may be illustrated as regional distributions of cell-specific 350 

relative differences (RD), and results are summarized in Table 4. Relative differences depend on 351 

the specific cell chosen to designate as the simulated monitoring location and, depending on 352 

region, range between -48% and 170% for oxidized sulfur and between -64% and 62% for NOY 353 

over the two years considered. The inner quartile ranges of RD values are similar across both 354 

chemical species and years at approximately 30%. 355 

 356 

3.4.2. Case 2: Assume Estimated Cell-Specific Deposition Can Be Scaled to the Sub-Region  357 

The sizable spatial variability of modeled grid cell-specific transference ratios evident in 358 

estimates of regional total deposition derived from Equation (4) is demonstrated in distributions 359 

of RD values for Case 1 shown in Table 4. This apparently stems from the impact of spatial 360 

variability introduced by assuming that modeled grid cell-specific behavior is representative of 361 

the region under consideration. One potential approach to reducing the impact of spatial 362 

variability is to assume that grid cell-specific total deposition is not equal to, but is proportional 363 

to total deposition in the region under consideration on an annual basis and to scale the modeled 364 

cell-specific total deposition (DiC) according to the ratio of modeled regional to modeled grid cell 365 

total deposition (DiR / DiC) to estimate regional total deposition of species “i” (DiR
est). 366 

Assessment of this approach for species “i” requires obtaining the modeled total deposition for 367 

both the region of interest (DiR) and for the grid cell containing the monitoring site (DiC), the 368 

modeled transference ratio for the grid cell containing the monitoring site (TiC), the monitored 369 

airborne concentration (CiC
mon), and using Equation (5) below to estimate regional total 370 

deposition (DiR
est). This approach assumes that the monitored air quality represents the grid cell 371 

containing the monitoring site and that the modeled total deposition within each grid cell (DiC) is 372 
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directly and uniquely proportional to the modeled value for the larger sub-region under 373 

consideration (DiR) annually. This approach captures regional cell-to-cell (spatial) variability 374 

predicted by the model within the region under consideration that is missed in the Case 1 375 

approach. 376 

 377 

CiC
mon TiC (DiR / DiC) = DiR

est        (5) 378 

 379 

Equation (5) can then be simplified by substitution of the expression for TiC from 380 

Equation (2) and algebraic cancelation of DiC, resulting in an alternate expression, Equation (5a). 381 

The ratio, DiR / CiC in this expression is of the same form as earlier expressions of transference 382 

ratios, except that it relates modeled concentration in a specific grid cell to the modeled regional 383 

(rather than cell-specific) total deposition. This modeled cell-to-region transference ratio is 384 

designated as TiR/C in Equation (5a).  385 

 386 

DiR
est = CiC

mon (DiR / CiC) = CiC
mon TiR/C      (5a) 387 

 388 

The Case 2 assessment was conducted using Equation (5a) and CMAQ model output in 389 

an analogous manner to that performed above in Case 1. Three-year means of modeled annual 390 

cell-to-region transference ratio (TiR/C) were determined from modeled annual 2002-2004 391 

regional total deposition and modeled grid cell-specific airborne concentration (i.e., DiR and CiC 392 

in Equation (5a)) for both oxidized sulfur and for NOY. Two individual years of model output 393 

(2005 and 2006) were used to provide grid cell-specific airborne concentration values for both 394 

oxidized sulfur and for NOY to simulate monitored concentration (i.e., CiC
mon in Equation (5a)). 395 

Modeled 2005 and 2006 regional total deposition for both oxidized sulfur and for NOY were 396 

determined to simulate regional total deposition for these two years. These simulated regional 397 

total deposition values were then compared on a cell-by-cell basis with estimates of regional total 398 

deposition (i.e., DiR
est) determined using Equation (5a). This Case 2 assessment may be 399 

illustrated as regional distributions of cell-specific RDs, and results are summarized in Table 4. 400 

Relative differences depend on the specific cell chosen to designate as the simulated monitoring 401 

location and, depending on region, range from -28% to 35% for oxidized sulfur and -25% to 16% 402 

for NOY. In most cases, empirical 95% CI of RD values fall roughly between -10% and 20% for 403 
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oxidized sulfur and ±10% for NOY. The inner quartile ranges of RD values are similar across 404 

both chemical species and years at approximately 5%, a factor of six less than the corresponding 405 

value for Case 1. The Case 2 approach appears to reduce the impact of spatial variability of 406 

transference ratios apparent in the Case 1 approach by a substantial margin. 407 

 408 

3.4.3. Overall Estimates of the Variability of Estimated Regional Total Deposition 409 

 An overall estimate of the variability of estimated regional total deposition was made, 410 

considering modeled cell-to-cell spatial variability and modeled year-to-year temporal variability 411 

along with the variability associated with monitored airborne concentration. The lack of evidence 412 

of trend in the modeled transference ratios of oxidized sulfur and NOY, noted earlier in Section 413 

3.3, suggests that their temporal variability may represent their natural variability. Estimates of 414 

the variability of transference ratio may be derived as follows. Output from the CMAQ model 415 

may be thought of as representing a five-year time series of annual values. If the transference 416 

ratios in the time series are considered to be independent and identically distributed, then the 417 

mean of the cell-specific transference ratios in the time series may be used as an estimate of the 418 

transference ratio for that location. The variance of the estimate is the variance of the 419 

transference ratios in the time series divided by the number of years in the time series (the CV is 420 

estimated by the square root of the variance of the mean transference ratio divided by the mean 421 

transference ratio). 422 

 423 

To explore overall estimates of the variability (CV) of DiR
est, two modeled time series 424 

from CMAQ are considered, along with the variability of the hypothetical monitored airborne 425 

concentration, a random variable. One time series is represented by modeled airborne 426 

concentrations and the other time series by modeled regional total deposition. The cell-to-region 427 

transference ratio (TiR/C) is formed from the two modeled time series. This approach uses the 428 

product (CiC
mon TiR/C) as shown in Equation (5a) to estimate the regional total deposition for a 429 

specific area. The variance of (CiC
mon TiR/C) is defined below in Equation (6), where E{.} denotes 430 

the expected value of {.}, and CiC
mon  and TiR/C are independent (see Stewart and Ord (2009) for 431 

the variance of a product of random variables). 432 

 433 

Var{DiR
est} = Var{CiC

mon TiR/C} = 434 
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E2{CiC
mon}* Var{TiR/C} +  E2{TiR/C}* Var{CiC

mon} + Var{TiR/C}*Var{CiC
mon} (6) 435 

 436 

The coefficient of variation for estimated regional total deposition can be derived from 437 

Equation (6). Independence and algebraic manipulation of Equation (6) (divide both sides by 438 

E2{CiC
mon TiR/C} and note E{CiC

mon TiR/C}= E{CiC
mon}* E{TiR/C} by independence) yields 439 

Equation (7), a formula for the CV of the product. 440 

 441 

CV{CiC
mon TiR/C} = [CV2{CiC

mon}  + CV2{TiR/C} +  CV2{CiC
mon}*CV2{TiR/C}]1/2  (7)  442 

 443 

Spatial distributions of variability estimates of the estimated regional total deposition 444 

(DiR
est) using modeled regional total deposition (DiR), modeled airborne concentration for the 445 

hypothetical grid cell containing the monitoring site (CiC), and their variability, as well as 446 

assumed variability of hypothetically monitored cell-specific airborne concentrations (CiC
mon) are 447 

summarized in Table 5 for the ensembles of cells within each of the selected sub-regions. In the 448 

current example, five-year variabilities for modeled annual (2002-2006) DiR and CiC (i.e., TiR/C) 449 

were used. As indicated in Table 5, the variability in the hypothetically monitored airborne 450 

concentration to a large extent drives the resulting variability in estimated regional total 451 

deposition. Annual precision (i.e., CV) estimates of monitored airborne concentrations of 5% to 452 

8% for SO2, 3% to 12% for SO4
2-, 5% to 12% for HNO3, and 6% to 17% for NO3

- have been 453 

reported at selected collocated CASTNET sites (Sickles and Shadwick, 2002; Clarke et al., 454 

1997). Assuming a conservative annual CV of 10% for the hypothetical monitored airborne 455 

concentration, five years of monitoring are estimated to yield mean monitored airborne 456 

concentrations with CVs of 4.47% (i.e., 10/√ 5). Using this CV for the five-year mean 457 

hypothetical monitored airborne concentration in Table 5 for the CC sub-region, yields 458 

maximum CVs of 9.4% for regional total deposition of oxidized sulfur and 8.9% for NOY. Thus, 459 

based almost entirely on modeled annual total deposition and modeled annual concentration 460 

fields, 95% CIs for estimates of regional deposition from airborne concentrations monitored in 461 

grid cells with median variability are ±16% (i.e., 95% CI for 4 degrees of freedom are defined by 462 

2.776 x CV) for oxidized sulfur and ±13% for NOY. Corresponding 95% CIs for estimates of 463 

regional deposition from airborne concentrations monitored in grid cells with maximum 464 

variability are ±26 % for oxidized sulfur and ±25 % for NOY. 465 
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    466 

 467 

4. Conclusions 468 

 469 

The goal of the current study is to examine predictions of transference ratios and related 470 

modeled parameters for oxidized sulfur and oxidized nitrogen using five years of 12-km grid 471 

cell-specific annual estimates from EPA’s Community Air Quality Model (CMAQ) for five 472 

selected sub-regions in the eastern US. The variability of model output across time and space is 473 

explored, and resulting implications on estimated total deposition that may be relevant in the 474 

formulation of a standard are discussed. 475 

 476 

Modeled total deposition and modeled airborne concentrations are moderately to poorly 477 

correlated in the sub-regions of the eastern US for oxidized sulfur (0.80 > r > 0.46) and for NOY 478 

(0.76 > r > 0.08). Modeled total deposition of OxN and modeled total deposition of NOY are 479 

highly correlated (r > 0.94). Modeled airborne OxN concentration accounts for approximately 480 

20% of the modeled airborne NOY concentration but is responsible for approximately 80% of the 481 

modeled total deposition of NOY. Comparisons of modeled total deposition for OxN and for 482 

NOY with modeled airborne concentration have inconsistent correlation coefficients that vary by 483 

region. This suggests that airborne OxN concentration may be a better predictor of total 484 

deposition of NOY in some locations; whereas, airborne NOY concentration may be better in 485 

others. 486 

 487 

Modeled airborne concentration and total deposition for both oxidized sulfur and OxN 488 

tend to be higher than the corresponding monitoring-based results. Relative differences between 489 

model- and monitor-based results for transference ratios of oxidized sulfur range between -14 490 

and 134% and between -37 and 64% for OxN. These comparisons suggest the need for both 491 

model refinement and more comprehensive comparisons with monitoring results. 492 

 493 

Model estimates have both spatial variability (grid cell-to-grid cell) and temporal 494 

variability (across the five modeled years). In the estimation of regional total deposition one 495 

possible approach that may be relevant in the formulation of a standard could assume that any 496 
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cell-specific value is regionally representative. An alternate approach could assume that any cell-497 

specific total deposition value is uniquely proportional to the regional value. Assessments using 498 

the same model output with these two approaches suggest that the second approach reduces the 499 

impact of spatial variability apparent in the first approach by a substantial margin. Assuming 500 

proportionality, rather than equality, between cell-specific and regional deposition appears to 501 

reduce the impact of modeled spatial variability of transference ratios on estimates of regional 502 

total deposition by a substantial margin, to perhaps ±20% for oxidized sulfur and ±10% for 503 

oxidized nitrogen. 504 

 505 

Overall estimates of the variability of estimated regional total deposition were made, 506 

considering modeled cell-to-cell spatial variability and modeled year-to-year temporal variability 507 

along with the variability of monitored airborne concentration. The variability of monitored 508 

airborne concentration was found to influence strongly the resulting variability in regional total 509 

deposition estimated with input from CMAQ. Examination of five years of annual model 510 

predictions (along with an assumed annual CV of 10% for the monitored airborne concentration) 511 

suggests that in the sub-regions that were considered, estimates of modeled regional total 512 

deposition have maximum 95% CIs of ±26% for oxidized sulfur and ±25% for NOY.   513 

 514 

Although impacts of several sources of variability of regional total deposition in the 515 

possible formulation of a standard have been explored in the current document, other sources of 516 

uncertainty remain to be examined. These neglected uncertainty sources include: fidelity (i.e., 517 

accuracy and precision) of modeled output; fidelity of the monitoring results; representativeness 518 

of modeled values averaged across three dimensions at corresponding points in space (i.e., 519 

monitoring sites); and important deposition processes (e.g., deposition from clouds and fogs at 520 

high elevations and in coastal regions). 521 

 522 
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List of Figures 1 

 2 

Fig. 1.  Geographical area under consideration: East, 21106 12-km grid cells; Adirondack, ADR 3 

(grey), 162 cells; Potomac, POT (orange), 251 cells; Neuse, NEU (blue), 101 cells; 4 

Coastal Carolinas, CC (green + blue), 500 cells; and High Elevation, HEL (red), 276 5 

cells. 6 

Fig. 2.  Modeled 5-year average concentration of oxidized sulfur (CSg, µgS/m3) versus 5-year 7 

average total oxidized sulfur deposition (DStotal, kgS/hA-y) at each grid cell within each of 8 

the eastern sub-regions: ADR (black); POT (orange); NEU (blue); CC (green); and HEL 9 

(red). Reference lines represent lines of constant slope (i.e., transference ratio) between 10 

1.5 and 8.0. 11 

Fig. 3.  Modeled 5-year average concentration of oxidized nitrogen (CNOyg, µgN/m3) versus 5-12 

year average total oxidized nitrogen deposition (DNOytotal, kgN/hA-y) at each grid cell 13 

within each of the eastern sub-regions: ADR (black); POT (orange); NEU (blue); CC 14 

(green); and HEL (red). Reference lines represent lines of constant slope (i.e., 15 

transference ratio) between 0.5 and 6.0. 16 

Fig. 4.  Map of cell-specific modeled 5-year average transference ratio in quartiles for oxidized 17 

sulfur (TS) in the eastern US (note the median TS is 2.78 (kgS/hA-y)(m3/µgS)). 18 

Fig. 5.  Map of cell-specific modeled 5-year average transference ratio in quartiles for oxidized 19 

nitrogen (TNOy) in the eastern US (note the median TNOy is 1.71 (kgN/hA-y)(m3/µgN)). 20 

Fig. 6.  Map of modeled temporal variability of TS in the eastern US, expressed as coefficients of 21 

variation (%) for each cell-specific 5-year mean (CV(t)). 22 

Fig. 7.  Map of modeled temporal variability of TNOy in the eastern US, expressed as coefficients 23 

of variation (%) for each cell-specific 5-year mean (CV(t)). 24 
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" 1.50 - 2.49
" 2.49 - 2.78
" 2.78 - 3.17
" 3.17 - 6.95
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" 0.23 - 1.37
" 1.37 - 1.71
" 1.71 - 2.16
" 2.16 - 5.82
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" 0.71 - 3.00
" 3.00 - 6.00
" 6.00 - 9.00
" 9.00 - 12.00
" 12.00 - 15.00
" 15.00 - 28.06

CV(t) of TS
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Table 1.  Model and monitored concentration, total deposition, transference ratios, and relative differences at
                CASTNET site locations for specific years
Site Year RD, % RD, % RD, %

CMAQ CASTNET CMAQ CASTNET CMAQ CASTNET
Oxidized Sulfur

BVL130 2002 5.36 4.38 22 10.73 8.93 20 2.00 2.04 -2
BVL130 2003 5.54 4.54 22 12.28 8.95 37 2.22 1.97 12
COW137 2002 2.82 2.06 37 8.22 5.64 46 2.92 2.74 6
COW137 2004 2.77 1.88 47 8.07 6.37 27 2.91 3.39 -14
CTH110 2002 4.44 5.03 -12 17.77 10.52 69 4.00 2.09 91
ESP127 2004 3.99 3.69 8 12.60 10.71 18 3.16 2.91 9
OXF122 2002 8.16 6.93 18 22.50 13.74 64 2.76 1.98 39
OXF122 2003 8.19 7.66 7 23.73 17.72 34 2.90 2.31 25
OXF122 2004 8.33 8.07 3 22.84 15.15 51 2.74 1.88 46
PAR107 2002 4.70 4.67 1 29.11 12.39 135 6.20 2.65 134
PSU106 2002 6.28 7.04 -11 18.28 17.85 2 2.91 2.53 15
PSU106 2004 6.25 7.35 -15 18.25 19.35 -6 2.92 2.63 11
SAL133 2002 5.61 4.74 18 13.16 8.96 47 2.35 1.89 24
SHN418 2004 4.71 4.79 -2 14.29 10.65 34 3.03 2.22 37
VPI120 2002 6.48 5.77 12 23.23 9.06 156 3.58 1.57 128
VPI120 2003 6.45 5.70 13 22.20 11.24 98 3.44 1.97 74
WSP144 2002 6.97 6.22 12 17.04 13.28 28 2.45 2.14 15
Monitored Oxidized
Nitrogen (OxN)
COW137 2002 0.48 0.23 107 4.93 2.90 70 10.26 12.50 -18
COW137 2004 0.43 0.20 120 4.15 2.97 39 9.61 15.13 -37
CTH110 2002 0.69 0.63 10 7.16 5.43 32 10.30 8.58 20
ESP127 2004 0.67 0.47 42 6.01 4.10 47 9.01 8.70 4
OXF122 2002 1.48 0.94 57 8.02 5.71 40 5.42 6.07 -11
OXF122 2003 1.39 0.95 47 7.74 6.40 21 5.55 6.75 -18
OXF122 2004 1.26 0.84 49 7.05 4.74 49 5.61 5.63 0
PAR107 2002 0.62 0.42 50 11.86 4.88 143 19.01 11.76 62
PSU106 2002 0.88 0.75 18 7.04 6.72 5 7.99 8.96 -11
PSU106 2004 0.83 0.73 14 6.46 5.70 13 7.78 7.84 -1
SHN418 2004 0.72 0.56 29 4.99 4.74 5 6.88 8.44 -18
VPI120 2002 0.61 0.60 1 7.06 4.24 66 11.63 7.09 64
WSP144 2002 1.18 0.83 42 8.46 6.27 35 7.17 7.52 -5
Relative Difference (RD) = 100 (CMAQ-CASTNET) / CASTNET
To convert the units of transference ratio to cm/s, divide by 3.1536.

     Concentration      Deposition Transference Ratio

DOxNtotal (kgN/hA-y)

      CSg (µgS/m3) DStotal (kgS/hA-y)

      COxNg (µgN/m3)

TS (kgS/hA-y)(m3/µgS)

TOxN (kgN/hA-y)(m3/µgN)



Table 2.  Regional correlation and mean ratios of selected CMAQ variables using 5-year (2002-2006) cell
                mean values 

Region Variable Deposition Concentration Deposition
CSg COxNg CNOyg DNOytotal COxNg / CNOyg DOxNtotal / DNOytotal

EAST DStotal 0.90
ADR DStotal 0.54
CC DStotal 0.80
HEL DStotal 0.46
NEU DStotal 0.79
POT DStotal 0.66

EAST CNOyg 0.64 0.21 0.78
ADR CNOyg 0.84 0.24 0.85
CC CNOyg 0.69 0.20 0.78
HEL CNOyg 0.72 0.20 0.79
NEU CNOyg 0.75 0.20 0.75
POT CNOyg 0.79 0.18 0.77

EAST DOxNtotal 0.55 0.49 0.98
ADR DOxNtotal 0.41 0.07 1.00
CC DOxNtotal 0.20 0.25 0.95
HEL DOxNtotal 0.30 -0.06 0.99
NEU DOxNtotal 0.22 0.51 0.94
POT DOxNtotal 0.48 0.47 0.97

EAST DNOytotal 0.58 0.62
ADR DNOytotal 0.43 0.10
CC DNOytotal 0.39 0.53
HEL DNOytotal 0.38 0.08
NEU DNOytotal 0.47 0.76
POT DNOytotal 0.62 0.66
See Table 1 for units on concentration (C) and deposition (D).

Pearson Correlation
Concentration

Mean Ratio



Table 3.  CMAQ-estimated deposition, concentration, and transference ratios for 2002-2006:  Regional means (across cells)
                of 5-year average cell values, spatial variability (CV(s)) and temporal variability (CV(t)) 

Sub-Region n Mean CV(s) Mean CV(s) Mean CV(s)
Mean Min Max Mean Min Max Mean Min Max

ADR 162 9.47 21 8 1 15 1.93 12 7 5 8 4.90 16 10 3 15
CC 500 11.90 19 7 1 17 4.35 25 4 1 22 2.80 14 8 3 14
HEL 276 13.51 22 5 2 24 3.71 19 5 0 16 3.70 22 6 2 13
NEU 101 10.75 12 6 3 10 3.93 20 4 2 12 2.80 13 6 3 11
POT 251 15.79 27 10 3 22 6.38 28 4 2 19 2.54 22 10 2 15

ADR 162 6.01 21 10 5 16 1.79 20 7 5 13 3.44 24 6 1 11
CC 500 6.75 13 7 1 16 3.76 32 6 2 24 1.92 26 4 1 10
HEL 276 7.17 15 6 2 11 2.70 23 6 1 15 2.78 24 4 1 12
NEU 101 6.12 16 6 2 9 4.15 42 6 2 14 1.63 30 3 1 6
POT 251 7.89 21 8 5 12 5.55 55 7 3 19 1.67 36 4 1 10
See Table 1 for units on deposition (D), concentration (C), and transference ratio (T)
CV(s) is a measure of spatial variability; it is the CV of 5-year means across cells within a sub-region (a specific value)
CV(t) is a measure of temporal variability from the regional distribution of cell-specific 5-year CV values

NOY

Oxidized Sulfur DStotal CSg TS

DNOytotal CNOyg TNOy

CV(t) CV(t) CV(t)



Table 4. Assessments using two sets of assumptions of modeled cell behavior representing modeled regional behavior 

Year Sub-Region

Min 2.5%-tile 25%-tile Median 75%-tile 97.5%-tile Max Mean Min 2.5%-tile 25%-tile Median 75%-tile 97.5%-tile Max Mean
2005 ADR -35 -25 -2 14 31 82 91 16 -60 -28 -11 5 24 53 62 7
2005 CC -32 -25 -15 -4 6 43 155 -1 -51 -31 -12 -2 5 21 42 -4
2005 HEL -48 -36 -11 6 22 45 121 7 -41 -33 -13 -1 8 23 29 3
2005 NEU -24 -19 -10 -4 3 39 45 6 -28 -24 -16 -7 8 32 40 -2
2005 POT -39 -34 -5 8 27 86 130 -1 -44 -37 -13 1 20 44 53 -4

2006 ADR -48 -40 -22 -10 5 46 53 -7 -64 -34 -15 -1 17 49 58 1
2006 CC -28 -21 -10 3 14 56 170 5 -50 -26 -9 2 9 22 37 0
2006 HEL -47 -38 -9 8 23 50 140 6 -39 -31 -12 0 10 24 31 1
2006 NEU -23 -18 -10 -3 5 42 45 7 -26 -22 -15 -5 13 42 49 -2
2006 POT -36 -28 -1 12 26 112 149 0 -43 -37 -15 0 16 45 55 0

2005 ADR 9 13 16 17 18 19 21 17 -4 0 4 7 10 14 16 7
2005 CC -25 -7 -2 -1 1 3 6 -1 -25 -12 -6 -3 0 3 13 -3
2005 HEL -11 -2 4 6 8 13 17 6 -11 -8 -4 -2 -1 2 7 -2
2005 NEU -20 -6 -2 -1 0 2 3 -1 -17 -9 -5 -4 -2 2 2 -4
2005 POT -7 5 12 14 16 19 20 14 -14 -4 0 4 5 8 11 3

2006 ADR -11 -9 -8 -7 -7 -5 -4 -7 -6 -4 0 2 3 4 5 1
2006 CC -20 0 4 5 7 10 16 5 -16 -6 -2 0 1 5 15 0
2006 HEL -28 -5 6 8 10 13 15 7 -12 -8 -4 -2 0 5 9 -2
2006 NEU -12 -4 -1 0 1 3 4 0 -10 -4 -1 -1 1 5 6 0
2006 POT -16 2 12 17 24 32 35 18 -13 -5 -1 1 3 7 9 1

Case 2: Assume modeled cell-specific values can be scaled to become regionally representative

Case 1: Assume modeled cell-specific values are regionally representative
RD = Relative Difference (%) = 100 (Estimated-Simulated) / Simulated

RD for Oxidized Sulfur Total Deposition RD for NOY Total Deposition Predictions



Table 5.  Variability estimates for regional deposition associated with uncertainties in hypothetical monitored airborne concentration and
                temporal variability in 5-y averages of annual CMAQ-estimated cell-specific airborne concentration and regional deposition
Sub-Region Hypothetical

Concentration
 CV (%) Min 2.5%-tile Median 97.5%-tile Max Min 2.5%-tile Median 97.5%-tile Max

ADR 3 4.3 4.6 4.8 5.1 5.2 3.2 3.3 3.6 4.3 4.4
ADR 4.47 5.5 5.7 5.9 6.1 6.2 4.6 4.6 4.9 5.4 5.5
ADR 5.77 6.6 6.8 6.9 7.1 7.2 5.9 5.9 6.1 6.5 6.6
ADR 10 10.5 10.6 10.7 10.8 10.9 10.1 10.1 10.2 10.5 10.5
ADR 15 15.3 15.4 15.5 15.6 15.6 15.0 15.1 15.1 15.3 15.4
CC 3 3.4 3.7 4.5 5.4 8.8 3.1 3.2 3.5 4.2 8.2
CC 4.47 4.8 4.9 5.6 6.3 9.4 4.6 4.6 4.8 5.4 8.9
CC 5.77 6.0 6.1 6.7 7.3 10.1 5.8 5.9 6.1 6.5 9.6
CC 10 10.1 10.2 10.6 11.0 13.0 10.0 10.1 10.2 10.4 12.6
CC 15 15.1 15.2 15.4 15.7 17.2 15.0 15.0 15.1 15.3 16.9
HEL 3 3.2 3.3 3.8 4.7 8.1 3.0 3.0 3.1 3.8 5.0
HEL 4.47 4.6 4.7 5.0 5.7 8.7 4.5 4.5 4.6 5.0 6.0
HEL 5.77 5.9 6.0 6.2 6.8 9.5 5.8 5.8 5.8 6.2 7.0
HEL 10 10.1 10.1 10.3 10.6 12.5 10.0 10.0 10.0 10.3 10.8
HEL 15 15.0 15.1 15.2 15.4 16.8 15.0 15.0 15.0 15.2 15.5
NEU 3 3.4 3.4 3.5 4.1 6.7 3.1 3.1 3.2 3.7 5.1
NEU 4.47 4.7 4.7 4.8 5.3 7.5 4.5 4.5 4.6 5.0 6.1
NEU 5.77 6.0 6.0 6.1 6.4 8.3 5.8 5.8 5.9 6.2 7.1
NEU 10 10.1 10.1 10.2 10.4 11.7 10.0 10.0 10.1 10.2 10.8
NEU 15 15.1 15.1 15.1 15.3 16.2 15.0 15.0 15.0 15.2 15.6
POT 3 3.4 4.0 5.2 6.8 7.6 3.0 3.1 3.4 4.7 6.2
POT 4.47 4.7 5.2 6.2 7.6 8.3 4.5 4.6 4.8 5.7 7.1
POT 5.77 6.0 6.4 7.2 8.4 9.0 5.8 5.8 6.0 6.8 8.0
POT 10 10.1 10.4 10.9 11.8 12.2 10.0 10.0 10.1 10.6 11.4
POT 15 15.1 15.2 15.6 16.2 16.6 15.0 15.0 15.1 15.4 16.0

Assuming a hypothetical annual CV of 10% for monitored concentration, five years of monitoring would yield mean monitored concentrations  
with 5-y CVs of 4.47% (i.e., 10/√5 = 4.47), and three years of monitoring would yield mean monitored concentrations with CVs of 5.77% 

Regional Deposition CV (%)
Oxidized Sulfur NOY
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