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Key Points: 14 

 First use of satellite observations to estimate the dry deposition of reactive nitrogen (Nr) 15 

from ammonia (NH3). 16 

 Satellite estimates of NH3 and NO2 dry deposition indicates that the NH3 dominates over 17 

most regions across the North America during the 2013 warm season.    18 

 Locations at northern latitudes affected by forest fires tend to have 2-3 times more dry 19 

deposition of ammonia relative to the local background.  20 

 21 

Abstract 22 

Reactive nitrogen (Nr) is an essential nutrient to plants and a limiting element for growth in many 23 

ecosystems, but can have harmful effects on ecosystems when in excess. Satellite-derived 24 

surface observations are used together with a dry deposition scheme to estimate the deposition 25 

flux of short-lived nitrogen species, NH3 and NO2, over North America during the 2013 warm 26 

season.  These fluxes demonstrate that the NH3 contribution dominates over NO2 for most 27 

regions (comprising ~80% of their sum in Canada, and ~65% in US), with some regional 28 

exceptions (e.g. Alberta and northeastern-US).  Nationwide, ~53 tonnes(N) of these species were 29 

dry deposited in the US, more than double the ~23 tonnes(N) in Canada over this period. Forest 30 

fires are shown to be the major contributors of dry deposition of Nr from NH3 in northern 31 

latitudes, and can often lead to deposition fluxes 2-3 times more than from expected background 32 

amounts without fires.  33 

     34 

  35 

mailto:shailesh.kharol@canada.ca;%20shaileshan2000@gmail.com)
mailto:shailesh.kharol@canada.ca;%20shaileshan2000@gmail.com)


Confidential manuscript submitted to GRL 

2 

 

1. Introduction 36 

Nitrogen (N) is an essential element for the growth and reproduction of plants and animals. 37 

While it is the most abundant gas in our atmosphere (78%), it primarily exists in its chemically 38 

unreactive form (N2) that is not usable by most organisms and plants [Erisman et al., 2011]. In 39 

order for N to be used by animals and plants it needs to go through the nitrogen fixation process 40 

which converts it into reactive nitrogen (Nr), its biologically functional form.  Nr is produced 41 

naturally through biological nitrogen fixation (i.e., by legumes, blue-green algae, etc.), biomass 42 

burning and by lightning.  Human activities also lead to nitrogen fixation through production of 43 

nitrogen-based fertilizers (e.g. Haber-Bosch industrial production of ammonia) and from the 44 

burning of fossil fuels, which changes N to Nr. Presently human-induced exceeds natural fixation 45 

[Fowler et al., 2013, 2015], and can dramatically alter the global nitrogen cycle [Erisman et al., 46 

2015]. Deposition of Nr into the ecosystem provides important nutrients (e.g., increases crop 47 

production), but excessive deposition can cause various deleterious effects on the environment 48 

leading to ecosystem impacts such as soil acidification [Galloway et al., 2003], eutrophication 49 

[Bergstrom et al., 2006], changes to vegetation type, and biodiversity loss [Fenn et al., 2010; 50 

Bowman et al., 2012; Sheppard et al. 2011; Bauer et al., 2016]. 51 

 52 

Implementation of stricter pollution controls to reduce atmospheric emissions from power plants 53 

and vehicles have resulted in a substantial decrease in NO2 concentrations over North America in 54 

the past decade [Kharol et al., 2015; Krotkov et al., 2016]. On the contrary, NH3 concentrations 55 

have increased over most of North America and other major agricultural regions of the world 56 

[Warner et al., 2017], and are expected to continue to rise in the future with increasing demands 57 

on more and better food production to supply a growing global population [Bauer et al., 2016; 58 

Reis et al., 2009].  For example, Paulot et al. [2013] using future International Panel on Climate 59 

Change (IPCC) representative concentration pathways (RCPs) scenarios for 2010−2050 60 

[Lamarque et al., 2011; van Vuuren et al., 2011] showed that future decreases in Nr deposition 61 

due to NOx emission controls will be offset by concurrent increases in ammonia emissions from 62 

agriculture.  Ellis et al. [2013] also found using the same IPCC RCP scenarios that by 2050 63 

ammonia will dominate nitrogen deposition in the US. In addition to these  ecosystem impacts, 64 

any future changes in Nr deposition will also have climate impacts, for example, changes are 65 

likely to induce a negative climate forcing by increasing carbon sinks (increased plant growth 66 

and thus their uptake of CO2) [Reay et al., 2008]. Considering all of these aspects there is an 67 

immediate and growing need to better understand and quantify present day dry deposition of 68 

reactive nitrogen, including from NH3 and NO2 (represented here by Nr
p
, where p is the 69 

contribution of NH3 and NO2 to the total reactive nitrogen), regionally and globally. 70 

 71 

Surface in-situ measurement networks for Nr concentration measurements and deposition 72 

estimates are sparse and lack the necessary spatial coverage, especially in remote regions and 73 

developing countries. Until recently the goal of providing spatially-resolved Nr deposition has 74 

been accomplished only with the use of numerical modelling [Zhang et al., 2012; Paulot et al., 75 

2013; Lee et al., 2016].  However, satellite-based instruments can play a large role in fulfilling 76 

this goal with their ability to provide (near) global daily coverage. While there are many reactive 77 

nitrogen compounds in the ecosystem, at present satellites sensors are only able to provide 78 
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information on the near-surface concentration of two:  nitrogen dioxide (NO2) [e.g., Kharol et 79 

al., 2015] and ammonia (NH3) [e.g., Shephard et al., 2011]. Fortunately, these two chemical 80 

species represent a significant fraction of Nr dry deposition overall, particularly the component 81 

that displays high spatial variability and, together with nitric oxide (NO), make up approximately 82 

90%  of the total Nr emitted that is deposited back to the surface [Galloway et al., 2004]. 83 

 84 

Previous studies have used space-based measurements of NO2 for estimating deposition [Nowlan 85 

et al., 2014; Jia et al., 2016; Geddes et al., 2017], but this study is the first to directly use 86 

satellite observations of both NH3 and NO2 to derive dry deposition fluxes and their relative 87 

importance. Also presented are insights on the impact of forest fires in the dry deposition of Nr
p
 88 

from NH3 over northern latitudes, where there is little contribution from agricultural sources.   89 

 90 

2. Materials and Methods 91 

 92 

2.1 Cross-track Infrared Sounder (CrIS) Satellite 93 

 94 

CrIS was launched in late October 2011 on board the Suomi National Polar-orbiting Partnership 95 

(SNPP) platform. SNPP follows a sun-synchronous orbit with a daytime overpass time at 13:30 96 

local solar time and a night time overpass at 01:30. The instrument scans along a 2200 km swath 97 

using a 3 x 3 array of circular pixels with a diameter of 14 km at nadir for each pixel. The 970 98 

cm
-1

 spectral region used in the ammonia retrievals has a spectral resolution of 0.625 cm
-1

 99 

(unapodized) with an excellent spectral noise of ~0.05K@270K [Zavyalov et al., 2013].  The 100 

CrIS Fast Physical Retrieval (CFPR) described by Shephard and Cady-Pereira [2015] is an 101 

optimal estimation approach [Rodgers, 2000] used to perform satellite profile retrievals of 102 

ammonia volume mixing ratio (VMR), and builds on the heritage of the Tropospheric Emission 103 

Spectrometer (TES) ammonia retrieval [Shephard et al., 2011].  Following Shephard et al. 104 

[2011], the retrieval uses three different a priori ammonia profiles representing unpolluted, 105 

moderate, and polluted conditions as the prior knowledge of ammonia is poorly known over the 106 

entire globe (which is required for a global retrieval). In addition to the VMR profile, the 107 

retrieval also provides the satellite vertical sensitivity (averaging kernels) and an estimate of the 108 

total errors (error covariance matrix).  This is important as the satellite sensitivity and vertical 109 

resolution varies from profile-to-profile depending on the atmospheric state (i.e., thermal profile, 110 

ammonia concentrations, cloud cover, etc.). For a typical retrieved profile the sensitivity directly 111 

at the surface can be limited [Shephard and Cady-Pereira, 2015], with broad vertical resolution 112 

(~1-km). Thus, even though the retrieval is performed at independent levels through the 113 

atmospheric profile, the retrieved surface level values are generally correlated with the retrieval 114 

boundary level values above it in the ~1-3 km vertical range.  The detectability limit of CrIS 115 

surface NH3 is ~0.5 ppbv under favourable conditions. Initial CrIS validation studies show that 116 

CrIS compares well with ground-based Fourier Transform Infrared (FTIR) [Dammers et al., 117 

2017] measurements with a correlation of 0.77, and very little bias (+2%) in the total column 118 

values. The profile comparisons show that the CrIS and the FTIR single profile level differences 119 

are typically between 20 to 40%, which are within the range of the CrIS estimated retrieval 120 

errors provided with the product.   121 

 122 

 123 

 124 
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2.2 Ozone Monitoring Instrument (OMI) 125 

 126 

OMI is a nadir-viewing, UV-visible spectrometer on board on the Aura satellite, launched in July 127 

2004 [Levelt et al., 2006]. Aura is also in a sun-synchronous orbit with an overpass time of 13:30 128 

although differences in observation time with SNPP can be as much as an hour over North 129 

America. OMI provides near-daily global coverage of NO2 with a variable ground spatial 130 

resolution of 13 km × 24 km at nadir to 140 km × 26 km at swath edge. We use the OMI 131 

operational NO2 standard product (SP), version-3 [Krotkov and Veefkind, 2016; Krotkov et al., 132 

2017] (https://disc.gsfc.nasa.gov/datasets/OMNO2_V003/summary). 133 

 134 

Surface concentrations of NO2 were derived from the SP in a two-step process that utilizes 135 

output from the Environment and Climate Change Canada GEM-MACH (Global Environmental 136 

Multi-scale - Modelling Air quality and Chemistry) regional air quality model [Gong et al., 137 

2015].  GEM refers to the operational meteorological forecast model, and MACH to the 138 

chemical package.  First, the sensitivity of OMI to an individual scene, as quantified by a so-139 

called air mass factor (AMF), is recalculated using NO2 profiles from GEM-MACH (at 15 km x 140 

15 km) along with some other high resolution input information [McLinden et al., 2014; 2016]. 141 

Second, the same GEM-MACH profiles are used to convert the tropospheric vertical column 142 

density of NO2 to surface volume mixing ratios following the general approach described by 143 

Lamsal et al. [2008] and also used in McLinden et al. [2014]. While individual NO2 observations 144 

can have random errors in excess of >10
15

 molecules/cm
2
 in the column, their effect should be 145 

minimal in an annual average. A modest 15% low bias in OMI-derived NO2 surface 146 

concentrations was found over the oil sands once spatial resolution was accounted for [McLinden 147 

et al., 2014]. Comparisons with surface monitoring sites across the rest of Canada and the US 148 

suggest even smaller low biases, on average ~6%.  149 

 150 

One additional consideration is that the NO2 product used here does not properly account for 151 

forest fires.  Fire plumes can contain large amounts of NO2, leading to a substantially different 152 

profile shape than predicted by the model, and aerosol in the plume will modify the light path.  153 

While their overall impact is complex and depends on plume height, details of the aerosol, and 154 

other factors, ignoring these effects will likely lead to an underestimate of NO2 in the plume 155 

[Bousserez, 2014].  This, in turn, will bias the NO2 flux low in regions prone to fires.  156 

 157 

2.3 Dry deposition flux calculation 158 

 159 

To estimate dry deposition fluxes, satellite observations of surface NH3 and NO2 (𝑪) are 160 

combined with modeled unidirectional dry deposition velocities (𝑽𝒅) [Zhang et al., 2003].  The 161 

dry deposition flux (𝑭𝒅) can be defined as: 162 

 163 

𝑭𝒅 = −𝑽𝒅  × 𝑪          (1) 164 

 165 

The deposition velocity is a function of the surface type and properties and meteorological 166 

parameters, the latter of which are taken from GEM model. We use MODIS (MODerate 167 

Resolution Imaging Spectrometer) satellite derived land-use / land-cover types (MCD12Q1, 168 

https://lpdaac.usgs.gov/dataset_discovery/modis/modis_products_table/mcd12q1) and archived 169 

8-day average leaf area index (LAI) (MCD15A2, 170 

https://disc.gsfc.nasa.gov/datasets/OMNO2_V003/summary
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https://lpdaac.usgs.gov/dataset_discovery/modis/modis_products_table/mcd15a2) at 0.5 km x 0.5 171 

km and 1 km x 1 km spatial resolution respectively. Both land-use / land-cover types and LAI 172 

were regridded to that of GEM at 15 km x 15km.  173 

 174 

To convert the NO2 dry deposition flux to a daily average, we followed the method developed by 175 

Nowlan et al. [2014] and calculated the 24-h daily flux 𝑭𝒔𝒂𝒕, as follows: 176 

 177 

𝑭𝒔𝒂𝒕 = −(𝑽𝒅  ×  𝑪𝒔𝒂𝒕)  ×  
𝑪𝟐𝟒

𝑮𝑴

𝑪𝟏𝟑−𝟏𝟓
𝑮𝑴         (2) 178 

Where 𝑽𝒅 represents daily mean dry deposition velocity, 𝑪𝒔𝒂𝒕 represents the satellite-derived 179 

ground-level concentration, 𝑪𝟐𝟒
𝑮𝑴 and 𝑪𝟏𝟑−𝟏𝟓

𝑮𝑴  represents 24-h and satellite overpass time mean 180 

ground-level concentrations from GEM-MACH model. For NH3 we assumed the mid-day 181 

deposition flux to be similar to the diurnal average [e.g. Phillips et al., 2006] so no adjustments 182 

were made. 183 

 184 

3. Results and Discussion 185 

 186 

The ground-level satellite concentrations and the corresponding dry deposition fluxes of NH3 and 187 

NO2 are shown in Figure 1 for the 2013 North American warm season (April-September). For 188 

ease of reference, the corresponding Nr
p
 dry deposition fluxes in Figure 1 are also converted to 189 

total warm season deposition amounts in supplementary Figure S1.  Note the domain in the 190 

figures matches that of GEM-MACH, the source of NO2 profiles, which excludes Mexico and 191 

the southernmost portion of Texas.  It can be seen from Figure 1a that the elevated (over 3 ppbv) 192 

NH3 regions generally coincide with agricultural regions across North America. There are larger 193 

“hot spots” in the US with means over 10 ppbv that include the Central Valley in California,  194 

portions of Idaho and Washington State, and several states in the central US (e.g., Nebraska, 195 

Kansas, Oklahoma, Northern Texas).  The peaks for Canadian agriculture regions tend to be 196 

smaller, with values in the range of ~3 to 5 ppbv (e.g., Lethbridge, Alberta; Winnipeg, Manitoba; 197 

Southwestern Ontario; Le Centre-du-Quebec Region). Hotspots over northern Canada are mainly 198 

associated with forest fire emissions (additional details provided below) where, despite their 199 

episodic nature, emissions are large enough to ensure elevated concentrations even when 200 

averaged over the entire warm season and with monthly mean values reaching ~8 ppbv (not 201 

shown).  The spatial distribution of the NH3 dry deposition flux (Figure 1d) largely follows the 202 

NH3 concentrations (Figure 1a), including hotspot location, but tends to be muted in most of the 203 

western US, reflecting the lower dry deposition velocities in that region. Figure 1d shows 2013 204 

warm season average NH3 deposition fluxes exceed 125 µg N m
-2

 hr
-1

 over central California and 205 

the core of the US Midwest.  Figure S2 shows the intermonthly variation in the NH3 dry 206 

deposition of Nr
p
 over the warm season, which captures the expected increase in NH3 dry 207 

deposition from increased fertilizer applications starting in April in the US and May in Canada, 208 

with many regions having fluxes greater than 125 µg N m
-2

 hr
-1

 in a given month.   The 209 

similarity in spatial patterns of concentrations and deposition flux are expected given that NH3 210 

reacts quickly in the atmosphere with a lifetime of several hours to a day. Thus, high 211 

concentrations and dry deposition fluxes will generally occur in emission areas [Hertel et al., 212 

2012; Zhang et al., 2009] suggesting the impacts of NH3 on ecosystems are higher near source 213 

regions.  214 
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The corresponding map of NO2 concentrations over North America in Figure 1b and Figure S3, 215 

shown at OMI local time, reveal hotspots that are mainly located over urban and industrial 216 

regions. In the US, the highest density of hotspots occurs in the east, with localized 217 

concentrations over 10 ppbv, whereas for Canada the hotspots are mostly in the large urban 218 

regions of southern Ontario and Quebec (e.g., the Greater Toronto Area (GTA) with peak values 219 

of over 10 ppbv), and over the oil and gas source regions of Alberta, with elevated values in the 220 

range of 3-7 ppbv.  NO2 is also a short-lived atmospheric species (1 day lifetime) and so the 221 

general spatial pattern of dry deposition of NO2 across North America (Figure 1e), based on 222 

diurnally averaged NO2 (see Eq. 2), is similar to the NO2 concentration map (Figure 1b).  Dry 223 

deposition fluxes generally exceed 35 µg N m
-2

 hr
-1

, over larger urban and industrial locations 224 

with some hotspots reaching over 125 µg N m
-2

 hr
-1

.  Similar wide-spread elevated flux values 225 

appear in Alberta, Canada.  The intermonthly variation over the warm season for NO2 (refer to 226 

Figure S3) is not as large as it is for NH3, which has a strong dependence on the timing of 227 

agriculture fertilizer applications.    228 

 229 

The combined ground level Nr
p
 concentrations and dry deposition fluxes of both NH3 and NO2 230 

are plotted in Figure 1c and Figure 1f and, as expected, indicate that dry deposition is highest in 231 

the agriculture regions (mostly from NH3) and more localized urban and industrial regions 232 

(mostly from NO2).  The relative NH3 and NO2 contributions to the dry deposition of Nr
p
 across 233 

North America, shown in Figure 1, are plotted as a ratio [NO2/(NH3+NO2)] in Figure 2: yellow 234 

and red areas (>0.5) have a greater contribution of dry deposition from NO2 deposition, whereas 235 

the darker blue values (<0.5) indicate a greater contribution from NH3. Figure 2a shows the 236 

spatially resolved ratios, while Figure 2b shows the ratio averaged over the geopolitical 237 

boundaries (provinces, territories, and states) across North America.  The average fluxes and the 238 

ratios for the geopolitical boundaries, ordered from NH3 to NO2 dominance, are also provided in 239 

Table S1.  Integrating the flux over space and the warm season, ammonia tends to dominate Nr
p
 240 

deposition, contributing ~80%, or a 4:1 NH3:NO2 ratio, in Canada, and ~65% (2:1) in the US. In 241 

fire prone regions, the NO2 contribution should be considered more of a lower limit due to the 242 

current limitation in the NO2 retrieval. Furthermore, some seasonality is expected in this ratio at 243 

higher latitudes due to reduced NH3 emission (no fertilizer applications and lower temperatures) 244 

and slower photochemical removal of NOx in the winter months leading to higher ratios.  245 

Nevertheless, these results indicate that for the majority of the geopolitical regions in Canada and 246 

the US the dry deposition of NH3 exceeds that of NO2 and considering the expected trends in 247 

NH3 and NO2 emissions, this preponderance is only expected to increase.   248 

 249 

In the US over the 2013 warm season, ~53 tonnes (N) of Nr
p
 were deposited, more than double 250 

the ~23 tonnes (N) for Canada.  As shown in both Figure 2 and Table S1, 43 out of the 50 US 251 

states indicate more dry deposition from NH3 compared with NO2, with the agricultural states of 252 

South Dakota, Nebraska, and Kansas exceeding 80% and peaks fluxes of  ~70 µg N m
-2

 hr
-1

. The 253 

only exceptions are states in the northeastern US which favor NO2.   254 

 255 

Examining the link between forest fire activity and NH3, total MODIS fire counts for the 2013 256 

warm season are plotted in Figure 3a and Figure 3b for two large regions of Northern Canada 257 

(see supplementary Figure S5).  The corresponding NH3 dry deposition fluxes are shown in 258 

panels (c) and (d) of Figure 3 (the same as shown in Figure 1b).  To provide insight on the 259 

relative contributions of forest fires to the dry deposition of Nr
p
 from NH3 in these northern 260 
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regions, we estimated the dry deposition flux of Nr
p
 from NH3 without fires by assuming a 261 

constant warm season background satellite derived NH3 value of 1.0 ppbv with the same dry 262 

deposition velocities.  This background value is based on representative background satellite 263 

values over this region during this period. These estimated background fluxes are shown in 264 

panels (e) and (f) of Figure 3.  The ratio of the total observed to estimated background flux 265 

(Figure 3 panels (g) and (h)) suggest that over these regions the Nr
p
 dry deposition flux from NH3 266 

is 2-3 times larger than typical background amounts.   267 

 268 

Evaluating the dry deposition fluxes, including those presented here, remains a large challenge.  269 

Direct measurements of NH3 and NO2 fluxes are very rare, expensive and technically 270 

challenging [Nowlan et al., 2014; Zhang et al., 2010].  Without these, such evaluations amount 271 

to a comparison of two estimates in which each is a product of two quantities: surface 272 

concentration and deposition velocity.  Deposition velocity schemes are highly parameterized 273 

and can give widely different results [e.g., Schwede et al., 2011].  If the same velocity scheme is 274 

used then flux comparisons amount to a comparison of surface concentrations.  The National 275 

Atmospheric Deposition Program (NADP) computes the dry deposition flux of nitrogen using a 276 

“hybrid approach” involving surface monitoring and the Community Multiscale Air Quality 277 

(CMAQ) model to fill spatial gaps and nitrogen species not observed in the network (e.g., NO2) 278 

[Schwede and Lear, 2014].  Qualitative comparisons with NADP NH3 dry deposition annual 279 

fluxes [NADP, 2017], which utilizes a different deposition velocity scheme, with our warm-280 

season results reveal a general consistency in both the spatial distribution and absolute values for 281 

the US (refer to Figure S1) when the seasonality of emissions from regions dominated by 282 

livestock or multi growing seasons are considered.  Another recent study by Jia et al. [2016] 283 

shows spatial maps of the annual dry deposition of NO2 (from OMI) and NH3 (at surface station 284 

locations).   Again our dry deposition results are in general agreement in terms of spatial pattern 285 

and magnitude, with NO2 dry deposition ranging in North America from ~0.1 to 2.0 kg N ha
-1

 yr
-

286 
1
, and the NH3 values ranging from ~0.5 to 10 kg N ha

-1
 yr

-1
, which are comparable to our values 287 

in Figure S1, especially considering the different durations.  Phillips et al. [2006] showed, for the 288 

summer 1999, averaged dry deposition fluxes of ~15 and ~34 µg N m
-2

 hr
-1 

for NO2 and NH3 in 289 

North Carolina respectively, which are in a similar range to our satellite-derived fluxes of ~17 290 

and ~27 µg N m
-2

 hr
-1 

for NO2 and NH3 in North Carolina during the 2013 warm season as 291 

shown in Table S1.   292 

 293 

4 Conclusions 294 

 295 

Due to various negative impacts of excess Nr on sensitive ecosystems there is a significant need 296 

for observational-based estimates of Nr dry deposition fluxes, particularly in regions without 297 

sufficient surface monitoring. Towards that end, this analysis provides a first look at the 298 

magnitudes and relative importance of Nr
p

 NH3 and NO2 dry deposition across North America 299 

based on satellite observations.  As expected for these short-lived chemical species, the hot-spots 300 

of Nr
p
 dry deposition typically occur close to emission sources where concentrations are largest, 301 

near urban and industrial sources for NO2 and agricultural sources for NH3.  Nationwide, for the 302 

2013 warm season, ~53 tonnes (N) were dry deposited in the US and ~23 tonnes (N) in Canada 303 

with NH3 accounting for about 65% in the US and 80% in Canada of total Nr
p
. In terms of spatial 304 

distribution, the NH3 dry deposition flux exceeds that of NO2, with the exception of a small 305 

number of states largely located in the northeastern US. In Canada, Alberta is the only province 306 
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with roughly equal fluxes of NH3 and NO2, which is likely due to additional NO2 contributions 307 

from the oil and gas sector.  We also show that forest fires are the major contributors of NH3 dry 308 

deposition in northern latitudes during the warm season where they often deposit 2-3 times more 309 

Nr
p
 from NH3 than similar areas not affected by forest fire emissions.  310 

 311 

Bauer et al. [2016] reported that half of the total anthropogenic pollution in the US is mainly due 312 

to agricultural practices.  With ambient NOx concentrations decreasing across most of North 313 

America due to emission regulations and controls, and with NH3 currently increasing and 314 

predicted to continue to do so, balancing the deposition of Nr into the ecosystem (for such needs 315 

as food production) with the potential ecosystem impacts from excess nitrogen, requires 316 

enhanced monitoring observations of Nr. The spatial mapping of Nr
p
 dry deposition fluxes 317 

derived from satellite observations of NH3 and NO2 over North America provided here can be 318 

used to help make informed decisions on mitigation strategies for environmental protection.  In 319 

the future we will extend this analysis to include the full CrIS observational period in order to 320 

investigate seasonal and interannual variability and trends, and refine the OMI NO2 retrievals 321 

over biomass burning areas.  322 
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Figure 1. Satellite-derived warm season mean ground-level concentrations and dry deposition 

fluxes of NH3, NO2, and Nr (NH3 + NO2) over North America. 
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Figure 2. Ratio of nitrogen dioxide (NO2) to Total Nr (NH3+NO2) dry deposition flux over North 

America. The yellow-to- red (values >0.5) areas indicate where the dry deposition of Nr 

(NH3+NO2) has a greater contribution from NO2, whereas the blue (values <0.5) regions indicate 

dominant NH3 dry deposition. 
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Figure 3. Warm season (April-September, 2013) MODIS Fire Count (a,b), CrIS NH3 total dry deposition 

flux (c,d), CrIS NH3 background dry deposition flux (e,f), and flux ratio (g,h) over the two northern 

regions of Canada. 


