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Abstract. Daily air concentrations of inorganic nitrogen (N) species, including gaseous HNO3 and particulate-bound 

(p)NH4
+ and pNO3

-, and sulfur (S) species, including SO2 and pSO4
2-, and precipitation concentrations of NO3

-, NH4
+ and 15 

SO4
2-, have been routinely monitored by the Canadian Air and Precipitation Monitoring Network (CAPMoN) since 1983.  

Data at 15 rural sites from 2000-2018 were used to estimate dry and wet N and S deposition fluxes, which were then used to 

explore their spatiotemporal trends and assess ecosystem damage through a retrospective analysis of critical loads (CL) 

exceedances.  Total (dry+wet) N deposition ranged from 1.7-9.5 kg N ha-1 yr-1 among the 15 sites, though dry deposition of 

NH3 and some oxidized N species were not included due to a lack of data.  Based on additional N measurements in 2010 at 20 

one of the sites, annual total N deposition may be underestimated by up to 32%.  Total N deposition was dominated by wet 

NO3
- and wet NH4

+ deposition, which together comprised 71-95%.  Contributions to dry N deposition were 40-74% by 

HNO3, 11-40% by pNH4
+ and 5-25% by pNO3

-.  Total S deposition ranged from 1.3-8.5 kg S ha-1 yr-1 and was dominated by 

wet deposition of SO4
2- and dry deposition of SO2.  Relative percentages of wet and dry S deposition were 45-89% and 11-

55%, respectively.   Acidic ion fluxes were greatest in southeastern Canada and were comparable among the west coast, 25 

prairie, remote and eastern Canadian sites.  Oxidized N (dry HNO3, dry pNO3
-, wet NO3

-) deposition was greater than that of 

reduced N (dry pNH4
+, wet NH4

+) in the early 2000s.  In 2014-2018, reduced N deposition surpassed that of oxidized N in 

southeastern Canada.  Total N and S deposition decreased significantly at a rate of -0.03 to -0.25 kg N ha-1 yr-1 (-1.1% to -

3.3% yr-1) and -0.08 to -0.66 kg S ha-1 yr-1 (-3.5% to -6.6% yr-1), respectively, among the sites.  The weak declining trend in 

total N deposition at the west coast site was consistent with the slower decline in NOx emissions in western Canada.  30 

Reductions in total N deposition were driven by its oxidized form as trends in reduced N were non-significant.  As a result, 

reduced N contributions to total N deposition increased on average from 42% in 2000-2004 to 53% in 2014-2018.  

Anthropogenic NOx and SO2 emissions reductions in both eastern Canada and eastern U.S. were highly effective in reducing 
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total oxidized N and total S deposition, respectively, in eastern Canada.  Acidic deposition exceeded terrestrial CL at 5 of the 

14 sites and aquatic CL at 2 of the 5 sites in the early 2000s.  However, exceedances have been trending downwards and 35 

acidic deposition fluxes were mostly near or below CL after 2012 for the subset of sites assessed, which support recovery 

from historical acidification.  Further assessments of CL exceedances are required in other Canadian regions susceptible to 

acidification and affected by elevated or increasing N and S emissions. 

1 Introduction 

Nitrogen (N) and sulfur (S) are the major chemical constituents of acidic deposition.  Long-term atmospheric inputs of N and 40 

S contribute to acidification of terrestrial and aquatic ecosystems as well as eutrophication in the case of N.  It is well 

established that acidic deposition results in the degradation of soil and water quality leading to detrimental effects on 

vegetation, forests and aquatic and terrestrial wildlife (Driscoll et al., 2001; ECCC, 2004; Bergstrӧm and Jansson, 2006; 

Pardo et al., 2011; Wright et al., 2018).  Further, recovery from acidification effects can take decades even as acidifying 

deposition decreases (Shao et al., 2020).   45 

 

Atmospheric deposition of N and S occurs via both wet and dry deposition.  Wet deposition of ammonium (NH4
+), nitrate 

(NO3
-) and sulfate (SO4

2-) are routinely monitored around the world.  A review of global acidic deposition measurements up 

to 2005-2007 identified eastern North America as one of the regions having the highest wet deposition fluxes of N and S 

(Vet et al., 2014).  Since policies were introduced to reduce anthropogenic NOx and SO2 emissions (dominant precursors of 50 

N and S deposition), wet deposition of NO3
- and SO4

2- have declined significantly in Canada and the U.S. (Du et al., 2014; 

Sickles and Shadwick, 2015; Li et al., 2016; Cheng and Zhang, 2017; Zhang et al., 2018; Feng et al., 2021; Burns et al., 

2021; Likens et al., 2021).  The rate of decline in eastern North America was 1.6-2.0% and 2.5-2.9% per year for NO3
- and 

SO4
2- wet deposition, respectively between 1989 and 2016 (Feng et al., 2021).  Wet NH4

+ deposition was relatively 

unchanged in Canada (Cheng and Zhang, 2017; Feng et al., 2021) and in most regions of the U.S. (Lehmann et al., 2007; Du 55 

et al., 2014; Li et al., 2016; Feng et al., 2021) between the 1990s and 2015.  A slight increasing trend was found in the U.S. 

Midwest, which appears to coincide with increasing ammonia (NH3) emissions contributing to particulate ammonium 

(pNH4
+; Du et al., 2014; Li et al., 2016).  

 

Unlike wet deposition, long-term data on dry deposition of N and S are sparse because of the challenges in accurately 60 

measuring dry deposition fluxes.  Dry deposition fluxes are typically estimated using the inferential method, which is based 

on the observed or modeled surface concentrations and modeled dry deposition velocities of N and S compounds (Fowler et 

al., 2005; Holland et al., 2005; Zhang et al., 2003, 2009; Flechard et al., 2011; Schwede et al., 2011; Staelens et al., 2012).  

Particulate sulfate (pSO4
2-) and SO2 are the main constituents of dry S deposition.  Dry deposition of N comprises oxidized 

(e.g., pNO3
-, HNO3, NO2, HONO, N2O5, peroxy nitrates) and reduced (e.g., pNH4

+, NH3) species and organic N (Walker et 65 
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al., 2020).  Most estimates of dry N deposition include pNO3
-, HNO3, pNH4

+ and/or NH3 given that their ambient air 

concentrations are routinely monitored or modeled.   

 

Dry deposition makes up a significant proportion of the total deposition.  Approximately 28-75% of total N deposition in the 

continental U.S. (Li et al., 2016; Zhang et al., 2018; Walker et al., 2019; 2020; Benish et al., 2022), 10-50% of total N 70 

deposition, 24-46% of total S deposition in Canada (ECCC, 2004; Zhang et al., 2009), and 50-52% of total N deposition in 

China (Pan et al., 2012; Xu et al., 2015) have been attributed to dry deposition.  Reduced N is playing an increasingly 

important role in dry deposition owing both to agricultural and wildfire emissions of NH3and also to emissions reductions in 

NOx (Pan et al., 2012; Xu et al., 2015; Butler et al., 2016; Li et al., 2016; Kharol et al., 2018; Zhang et al., 2018; McHale et 

al., 2021).  Nevertheless, oxidized N deposition continued to dominate over reduced N or exhibit increasing trends in some 75 

regions (Zhang et al., 2009; Liu et al., 2013; Kharol et al., 2018).  There are a few studies tracking the long-term trends in 

both dry and wet deposition of N and S (Fowler et al., 2005; Sickles and Shadwick, 2015; Li et al., 2016; Zhang et al., 2018; 

Nopmongcol et al., 2019; Yu et al., 2019; Tan et al., 2020; Wen et al., 2020; Benish et al., 2022), which provides a more 

complete assessment of the acidic deposition budget.  Previous studies demonstrate that dry deposition cannot be neglected 

when assessing the effects of anthropogenic emissions reductions on acidic deposition.  Total (dry+wet) deposition of N and 80 

S are also necessary for evaluating exceedances of critical loads (threshold values for acidic deposition that can be tolerated 

by ecosystems; Nilsson and Grennfelt, 1988) and potential negative effects on ecosystems (e.g., Ellis et al., 2013; Zhao et al., 

2017; Makar et al., 2018). 

 

The Canadian Air and Precipitation Monitoring Network (CAPMoN) measures inorganic N and S among other pollutants in 85 

air and precipitation at rural and remote locations across Canada (ECCC, 2017).  Previous analyses of CAPMoN data largely 

focused on long-term trends in N and S in ambient air or in wet deposition (ECCC, 2004; Zbieranowski and Aherne, 2011; 

Vet et al., 2014; Cheng and Zhang, 2017; Feng et al., 2021).  Dry deposition of N species were also estimated at CAPMoN 

sites through a series of short term field campaigns in the early 2000s (Zhang et al., 2009).  Hence, this study expands on the 

scope of previous assessments by focusing on dry and total N and S deposition during the past two decades.  The objectives 90 

were to: (1) estimate the long-term dry deposition fluxes of inorganic N and S at 15 CAPMoN sites using the inferential 

approach; (2) analyze the spatiotemporal trends in dry and total (dry+wet) deposition and in anthropogenic emissions; (3) 

examine the relative contributions from dry and wet deposition and from various N and S species; and (4) discuss the 

implications of the deposition results on Canadian ecosystems based on an analysis of critical loads exceedances. 
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2 Methodology 95 

2.1 Measurements of air concentration of pollutants and wet concentration of inorganic ions 

Atmospheric deposition of N and S at 15 CAPMoN sites were analyzed in this study.  The sites were selected because of 

their long-term (8 to 19 years) data availability, which are suitable for temporal trend analyses.  All sites are considered 

regionally representative, meaning that the influence of local pollution sources is minimal.  The 15 sites consist of one site 

on the west coast (SAT), one site in the prairies (BRA), two sites in the southeastern region (LON, EGB), four sites in the 100 

greater southeastern region (ALG, SPR, CHA, FRE) which are located at higher latitudes compared to LON and EGB, four 

remote inland sites (ELA, BON, CPS, LED) and three sites in the Atlantic region (KEJ, MIN, BAB).  MIN is located in 

eastern Quebec, but is classified as part of the Atlantic region in this paper.  A map of the sites is shown in Fig. 1 and site 

descriptions are provided in Table S1 of the Supplement. 

 105 

 

Figure 1: Map of CAPMoN sites analyzed in this study and their regional designations 

 

Methods for sampling and analysis of air and precipitation have been described in previous studies (Sirois and Fricke, 1992; 

Sirois et al., 2000).  CAPMoN collects 24-h integrated air samples using an open-face three-stage filter.  The non-size 110 

selective air filters are sent to the CAPMoN laboratory in Toronto, Canada, for chemical analysis including particulate 

sulfate (pSO4
2-), nitrate (pNO3

-) and ammonium (pNH4
+), gaseous HNO3 and SO2 (analyzed as dissolved NO3

- and SO4
2-), 

calcium (Ca2+), magnesium (Mg2+), sodium (Na+), potassium (K+) and chloride (Cl-) ions.  Non-sea salt pSO4
2- was 
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approximated at coastal sites (i.e., SAT, KEJ, MIN and BAB) using the WMO method for estimating non-sea salt sulfate in 

precipitation (WMO, 2004).  Precipitation is sampled over a 24-h collection period using a wet-only collector that opens 115 

when it senses rain or snow.  Samples are sent to the CAPMoN laboratory for measurement of pH  and major inorganic ions 

including total SO4
2-, NO3

- and NH4
+ as well as Ca2+, Mg2+, Na+, K+ and Cl- in precipitation.  Rain and snow gauge 

measurements are used to calculate wet deposition fluxes.  The CAPMoN sites and monitoring equipment are maintained 

regularly by field technicians and site operators.  The data are quality controlled using the Research Data Management and 

Quality Assurance System (RDMQ) software (McMillan et al., 2000) and finalized by ECCC’s National Atmospheric 120 

Chemistry (NAtChem) team.  The CAPMoN air filter pack and precipitation chemistry datasets can be downloaded from the 

Government of Canada’s Open Data Portal (ECCC, 2021b,c).  Annual wet deposition fluxes of N and S species were 

calculated from their precipitation-weighted mean concentrations multiplied by the annual precipitation amount.  Annual 

fluxes were reported only if data completeness thresholds were met.  The criteria were that (a) at least 90% of the days in the 

year, and at least 60% of the days in each quarter, had a valid precipitation depth measurement, and (b) a valid concentration 125 

measurement was available for at least 70% of the annual precipitation and 60% in each quarter. 

 

Additional N species including NO, NO2, total reactive N (NOy) and NH3 have been measured at selected CAPMoN sites.  

Measurements at the EGB site in 2010 were analyzed in this study to estimate total N dry deposition after including the 

missing N species and examine the relative contributions of various N species to N dry deposition, following the approach 130 

described in Zhang et al. (2009).  NO, NO2 and NOy were measured at 1-min intervals using Thermo Electron Model 42C 

trace level gas analyzers.  The analyzers measured NO based on the chemiluminescent reaction with ozone.  NO2 was 

converted to NO using a Droplet Measurements BLC photolytic converter, while NOy (NO, NO2, HNO3, HO2, pNO3
-, N2O5, 

PAN, organic nitrates, and others) were converted to NO using a molybdenum converter heated to 325°C.  Continuous 

measurements of NH3 were made using a modified Thermo 42C trace level chemiluminescence based analyzer.  The 135 

measurement technique is based on the difference in responses of various N species converted to NO at elevated 

temperatures over stainless steel and molybdenum converters.  The instrument was found to efficiently convert NH3 to NO at 

750°C over the stainless steel converter and inefficiently (<1%) over the molybdenum converter.  In efforts to minimize any 

possible effects of ammonium nitrate volatilization, the sample inlet filter was changed daily.  Automated instrument 

calibrations were performed every 25 hours, and the instruments were audited approximately every three months against a 140 

National Institute of Standards and Technology (NIST) standard.  Mixing ratios of unknown NOy were estimated by 

subtracting the measured NOy species (NO, NO2, HNO3, pNO3
-) from total NOy. 

2.2 Dry deposition model 

Dry deposition fluxes were estimated using the inferential method (observed surface concentration multiplied by the 

modeled dry deposition velocity (Vd)).  Models for deriving Vd of gaseous compounds and PM2.5 and PM2.5-10 have been 145 

described in previous studies (Zhang et al., 2003; Zhang and He, 2014).  Surface meteorological fields used in the Vd 
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calculations were obtained from 19 years (2000-2018) of model reanalysis data (10 km resolution) from the Precipitation and 

Ground Surface Reanalysis (REQA) project (Gasset et al., 2021).  Land use data and leaf area index (LAI) within a 3 km 

circle of each site (Table S1) were extracted from MODIS satellite data to compute land use area-weighted Vd’s.  The same 

models, meteorological data and land use data were recently used to produce a Vd database across North America, and more 150 

information regarding the model setup and data input can be found in Zhang et al. (2022).   

 

In Eq. 1 to 4, Vd of pSO4
2-, pNO3

- and pNH4
+ were determined using Vd of PM2.5 and PM2.5-10 and observed fine fractions of 

particulate inorganic ions (i.e. PM2.5/total PM) following Zhang et al. (2008).  Vd of unknown NOy was estimated using Eq. 5 

(Zhang et al., 2009). 155 

 

Vd(pSO4
2-) = 0.95*Vd(PM2.5) + 0.05*Vd(PM2.5-10),        (1) 

Vd(pNO3
-, Nov to Apr) = 0.85*Vd(PM2.5) + 0.15*Vd(PM2.5-10),        (2) 

Vd(pNO3
-, May to Oct) = 0.3*Vd(PM2.5) + 0.7*Vd(PM2.5-10),        (3) 

Vd(pNH4
+) = Vd(PM2.5),           (4) 160 

Vd(unknown NOy) = 0.05*Vd(HNO3) + 0.3*Vd(pNO3-) + 0.65*Vd(PAN),       (5) 

 

Spatial and temporal patterns in Vd of N and S species are detailed in Section S1, Fig. S1 and Fig. S2 of the Supplement.  

Modeled Vd of N and S species in Table S2 were comparable to those in a previous study at CAPMoN sites (Zhang et al., 

2009) and a review of N fluxes (Walker et al., 2020).  Differences in the parameterizations between dry deposition models 165 

result in uncertainties of a factor of 2 to 3 in modeled Vd of N and S species and in their dry fluxes (Flechard et al., 2011; 

Schwede et al., 2011).  Thus, it is important to use a consistent model framework for long-term data, as was applied in this 

study. 

2.3 Data analysis methods 

Long-term trends in atmospheric deposition of N and S and precursor emissions were estimated using Theil-Sen’s slopes, 170 

and the statistical significance of the slope was determined using the Mann-Kendall test (Carslaw and Ropkins, 2012). This 

is a non-parametric trends analysis method typically applied to environmental data (Du et al., 2014; Cheng and Zhang, 

2017).  Prior to estimating the long-term trends in deposition, seasonally-average yearly fluxes for the four seasons were 

decomposed by LOESS (locally estimated scatterplot smoothing) because of the strong seasonality in the deposition fluxes.  

Deposition fluxes were also summarized for a six-month period during cold (November to April) and warm seasons (May to 175 

October).  N and S deposition at the Canadian sites were compared with province- or state-level NOx, NH3 and SO2 

emissions in Canada (ECCC, 2021a) and the U.S. (USEPA, 2021), respectively.  Emissions were categorized by 

geographical region namely western Canada, eastern Canada, western U.S. and eastern U.S.  Emissions in eastern Canada 

and eastern U.S. have a greater likelihood of affecting the sites in the southeastern and Atlantic regions, whereas emissions 
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in western Canada and western U.S. are more likely to influence the west coast and prairie sites based on back trajectory 180 

analyses of CAPMoN sites (ECCC, 2004; Zhang et al., 2008).  Emissions in the provinces of British Columbia, Alberta and 

Saskatchewan are considered part of western Canada and those in Ontario and Quebec are part of eastern Canada.  Western 

U.S. emissions include those from the following states: CA, CO, ID, MT, NV, OR, UT, WA and WY.  Eastern U.S. 

emissions include those from the following states: IL, IN, KY, MD, MI, MN, MO, NC, NJ, NY, OH, PA, TN, VA, WI and 

WV.   185 

2.4 Critical loads estimation for lakes and soil 

To provide a view of potential changes in exceedances of critical loads (CL) of acidity, aquatic CL were estimated for 31 

lakes surrounding five CAPMoN sites (ALG 5 lakes, ELA 5 lakes, LED 6 lakes, BAB 7 lakes, KEJ 8 lakes) using the 

Steady-State Water Chemistry (SSWC) model.  The approach is described in detail elsewhere (Jeffries et al., 2010; Aherne 

and Jeffries, 2015).  Briefly, in the SSWC model, lake CL is quantified by the pre-acidification base cation flux in its 190 

catchment minus the Acid Neutralizing Capacity (ANClimit), the threshold above which harmful effects on fish population are 

not observed (Jeffries et al., 2010; Aherne and Jeffries, 2015).  The contribution of dissolved organic carbon (DOC) to acidic 

charges has been taken into account in calculating the ANClimit using Eq. 6 (Jeffries et al., 2010).  The pre-acidification base 

cation fluxes were estimated using present-day fluxes, which were derived from current base cation concentrations and 

spatially-interpolated runoff values.  The “F-factor” was used to adjust the present-day base cation fluxes to account for 195 

long-term changes in acidic deposition (Brakke et al., 1990).  Exceedance was estimated using the lake CL Steady-State 

method following the Canadian Acid Deposition Science Assessment (ECCC, 2004) and Jeffries et al. (2010) and the total S 

and N deposition fluxes at the CAPMoN sites (Eq. 7).  Unlike S deposition, only a fraction of the N deposition is acidifying 

given its biological retention in the terrestrial portion of lake catchments.  Equation 7 includes total N deposition, which 

assumes surrounding soils are N saturated and all N deposition contributes to acidity (ECCC, 2004; Jeffries et al., 2010).  200 

This assumption will result in higher CL exceedance and is a worst-case scenario. 

 

ANClimit = 10 + (10*2/3)*DOC (mg L-1),          (6) 

Lake CL Exceedance = Total S deposition + Total N deposition – CL (eq ha-1 yr-1),     (7) 

 205 

The simple mass balance (SMB) model for estimating terrestrial CL (Sverdrup, 1990; Sverdrup and De Vries, 1994; Posch et 

al., 2015) was used to approximate soil CL at 14 of the 15 CAPMoN stations.  The SMB model is a steady-state model that 

relies on several simplifying assumptions, primarily that the soil is a homogenous compartment and depth is limited to the 

root zone.  Critical loads are defined as a function based on the maximum S-based CL (CLmaxS), maximum N-based CL 

(CLmaxN), and long-term N removal in the soil (CLminN).  An approximate 10 km x 10 km area based on the GEM-MACH 210 

v2 model grid (Moran et al., 2018) was chosen to represent the terrestrial ecosystem surrounding the stations for cohesion 

with contemporary deposition maps.  The BRA site was omitted from the soil CL estimations as the area is entirely 
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agricultural (i.e. soils are not natural and receive anthropogenic N inputs through fertilizer application).  Three more sites 

(EGB, LON, and FRE) were predominately agricultural but had some (≥8%) natural or semi-natural soils, which are the 

focus of the SMB model.  Required input data, such as the soil weathering rate, nutrient uptake, and critical ANC leaching, 215 

were estimated according to CLRTAP (2004) and mapped at 250 m resolution (details in Supplement Section S2).  Soil CL 

within each grid were summarized using the 5th percentile (Posch et al., 1993) and exceedance was estimated along the CL 

function using total S and N deposition from the representative CAPMoN station. 

3 Results and Discussion 

3.1 N and S concentrations and emissions trends 220 

The highest concentrations of atmospheric S and N were observed at LON and EGB, which are the two southeastern sites 

closest to industrialized and populated areas in the U.S. and Canada (Fig. S3 Supplement).  The next highest concentrations 

were observed at sites in the greater southeastern region of Canada (FRE, CHA, SPR, and ALG).  Concentrations of N and S 

at the west coast (SAT) and prairie sites (BRA) were similar to those of the greater southeastern region, except for their 

lower pSO4
2- and pNH4

+ concentrations.  The lowest concentrations were observed at remote sites (ELA, BON, CPS, LED) 225 

and in the Atlantic region (KEJ, MIN, BAB).  The rank order of the stations from highest to lowest total S concentration was 

LON, EGB, FRE, CHA, SPR, BRA, SAT, ALG, KEJ, LED, ELA, CPS, BON, MIN, and BAB.  Similarly, the rank order of 

stations for total N concentration was LON, EGB, FRE, BRA, SPR, ALG, CHA, SAT, ELA, KEJ, LED, CPS, BON, MIN, 

and BAB. 

 230 

Annual trends in S and N concentrations during the 2000-2018 period varied across regions.  The largest declines in the 

annual mean concentrations were observed at the two southeastern sites (Fig. S4).  Despite having recorded the highest SO2 

concentrations among CAPMoN stations every year since 1983, concentrations at LON and EGB were comparable to those 

in the greater southeastern region and at the west coast site in 2017-2018 and were only slightly higher than those of remote 

sites.  The second largest decrease in annual mean concentrations of S and N were observed in the greater southeastern 235 

region.  At the west coast site, the decrease in annual SO2 and HNO3 concentrations was similar to those in the greater 

southeastern region, while slight decreases were observed in annual pSO4
2-, pNH4

+ and pNO3
-.  Weak declining trends in S 

and N were also observed at remote and Atlantic sites.  No trend in the annual concentrations was found at the prairie site. 

 

Trends in the annual mean concentrations at CAPMoN sites were strongly influenced by emissions of SO2 and NOx as noted 240 

in previous studies (ECCC, 2004; Cheng and Zhang, 2017; Feng et al., 2020).  SOx emissions declined significantly between 

2000 and 2018 in Ontario and Quebec (73% reduction) as well as in the eastern U.S (90% reduction; Fig. S5a).  Declines in 

both domestic emissions and transboundary pollution were the main factors driving the decrease in atmospheric S 

concentrations in southeastern Canada.  Decreases in SOx emissions in Ontario and Quebec were attributed to the ore and 
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minerals and electric power generation sectors, while the decrease in SO2 emissions in the eastern U.S. was predominantly 245 

from electric utilities (Fig. S5a).  Decreasing trends in NOx emissions drove the decrease in atmospheric N at LON and EGB 

and the decrease in HNO3 concentrations in the greater southeastern region.  NOx emissions in Ontario and Quebec 

decreased by ~55% from 2000-2015 as a result of emissions reductions from the transportation sector and began to level off 

from 2015-2018.  In the eastern U.S., the percentage decrease from 2000 to 2018 was 66% for total NOx emissions and 71% 

for transportation and electric utility NOx emissions.  NH3 emissions in Ontario and Quebec declined from 2002-2008 and 250 

were constant from 2008-2018.  In the eastern U.S., there was a period of steady NH3 emissions from 2002-2011 (Fig. S5a), 

which was followed by a sharp drop from 2011-2014 and then an increase from 2014-2018 but emission levels were still 

below 2011 levels.  Trends in NH3 emissions were primarily driven by agriculture activities (ECCC, 2021a; USEPA, 2021). 

 

Weaker trends in atmospheric S and N at the west coast and prairie locations reflected the emission trends and levels in 255 

western Canada and the western U.S.  Compared with Ontario and Quebec, SOx and NOx emissions reductions in the 

western provinces of Canada were relatively modest during the 2000-2018 period (Fig. S5b).  This was also the case when 

western and eastern U.S. emissions were compared.  Emission levels of SO2 and NOx in the western U.S. were significantly 

lower than those of the eastern U.S.  The lack of trend in atmospheric S and N at the prairie site was consistent with the 

leveling off in emissions of SOx and NOx in Saskatchewan where the prairie site is located.  It is important to note that NH3 260 

emissions have been rising since 2010 in western Canada (notably in Saskatchewan) and in the western U.S (Fig. S5b), 

which contrasts with the declining trend in eastern regions.  The rise in NH3 emissions may have contributed to the 

secondary formation of pNO3
- and pNH4

+, which resulted in a weakened decreasing trend in pNO3
- and pNH4

+ caused by 

declining SOx and NOx emissions.  SO2 and NOx emissions in North Dakota, U.S., which borders Saskatchewan to the south, 

have seen a dramatic increase between the early 2000s and 2014-2018 due to the Bakken oil and gas development (USEPA, 265 

2021).  Ongoing monitoring is required to assess the impact of these industrial activities on ambient N and S in 

Saskatchewan. 

 

3.2 Dry deposition fluxes 

3.2.1 Geographical distribution 270 

Dry deposition fluxes for each of the 15 sites were calculated for the period from 2000-2018.  Table 1 presents a regional 

breakdown of annual dry deposition of S and N, averaged over the period, for the sites in each geographical area.  For all 15 

sites, the mean dry deposition was 0.6 kg N ha-1 yr-1 and 0.9 kg S ha-1 yr-1 (non-sea salt), where N ranged from 0.1 (MIN) to 

1.9 (LON) kg N ha-1 yr-1, and S ranged from 0.2 (MIN) to 3.5 (LON) kg S ha-1 yr-1 (Table 1 and Table S3). The values at 

MIN were particularly low in part because measurements began in 2009, after significant emission declines across the 275 

region. On a regional scale, the highest N and S dry deposition were observed at two sites in southeastern Canada (LON and 
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EGB), which are strongly affected by large urban sources and transboundary pollution.  The lowest N and S dry deposition 

fluxes were observed at several remote sites (ELA, BON, CPS, LED) and in the Atlantic region (KEJ, MIN, BAB).  

 

Table 1: Regional breakdown of annual mean dry deposition fluxes of N and S (kg N or S ha-1 yr-1) across Canada for the 2000-280 
2018 period.  Site ID and flux range in parentheses. 

 ∑N ∑S HNO3 pNO3
- pNH4

+ SO2 pSO4
2- 

All sites 0.6  

(0.1-1.9) 

0.9  

(0.2-3.5) 

0.3  

(0.05-0.8) 

0.09  

(0.01-0.4) 

0.2  

(0.05-0.7) 

0.7  

(0.1-3.0) 

0.2  

(0.1-0.6) 

Southeastern 

(LON, EGB) 

1.6  

(1.4-1.9) 

2.8  

(2.0-3.5) 

0.7  

(0.6-0.8) 

0.35  

(0.3-0.4) 

0.6  

(0.5-0.7) 

2.3  

(1.6-3.0) 

0.5  

(0.4-0.6) 

Greater southeastern 

(SPR, ALG, CHA, 

FRE) 

0.5  

(0.4-0.6) 

0.64  

(0.6-0.8) 

0.3  

(0.2-0.4) 

0.05  

(0.03-0.08) 

0.13  

(0.1-0.2) 

0.5  

(0.3-0.6) 

0.15  

(0.1-0.2) 

West coast & prairie 

(SAT, BRA) 

0.72  

(0.71-0.74) 

1.2  

(1.0-1.4) 

0.4  

(0.3-0.6) 

0.13  

(0.1-0.2) 

0.15  

(0.1-0.2) 

1.0  

(0.8-1.3) 

0.16  

(0.1-0.2) 

Atlantic 

(KEJ, MIN, BAB) 

0.2  

(0.1-0.3) 

0.3  

(0.2-0.5) 

0.1  

(0.05-0.2) 

0.04  

(0.03-0.04) 

0.06  

(0.05-0.1) 

0.2  

(0.1-0.3) 

0.13  

(0.1-0.2) 

Remote continental 

(ELA, BON, CPS, 

LED) 

0.2  

(0.1-0.3) 

0.3  

(0.2-0.4) 

0.1  

(0.08-0.2) 

0.02  

(0.01-0.05) 

0.07  

(0.05-0.1) 

0.17  

(0.1-0.2) 

0.1  

(0.08-0.12) 

 

Dry deposition fluxes for the regionally-grouped sites were compared over an early and recent 5-year period (i.e. 2000-2004 

and 2014-2018).  The spatial patterns in dry deposition of N and S remained consistent with the highest fluxes at the two 

southeastern sites (Fig. 2).  The major difference between the two periods was the large decrease in dry deposition fluxes at 285 

all sites.  Dry deposition of N decreased by ~50%, while dry deposition of S decreased by ~71% from 2000-2004 to 2014-

2018 (Table 2).  This is similar in magnitude to SO2 and NOx emissions reductions as discussed in section 3.1.  Dry 

deposition of S on a mass basis was higher than that of N during 2000-2004; however, the fluxes of N and S were almost 

equivalent in the recent period (Fig. 2).    

 290 

Table 2: Percentage reduction in dry, wet and total (dry+wet) N and S deposition from 2000-2004 to 2014-2018 period. NA: not 

available due to incomplete data coverage.  % reduction = (mean annual flux2000-2004 – mean annual flux2014-2018)/mean annual 

flux2000-2004 

Site ID Dry N Dry S Wet N Wet S Total N Total S 

SAT 39% 68% 18% 51% 24% 61% 

BRA NA NA NA NA NA NA 
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ELA 39% 65% 17% 51% 19% 54% 

ALG 56% 68% 32% 55% 33% 56% 

BON NA NA NA NA NA NA 

LON 55% 81% 25% 63% 32% 71% 

EGB 51% 80% 15% 63% 23% 70% 

SPR 58% 77% 22% 58% 26% 62% 

CHA 58% 70% 35% 67% 37% 67% 

CPS 46% 58% 36% 60% 37% 60% 

FRE 51% 68% 26% 60% 28% 61% 

LED 54% 65% 27% 53% 30% 55% 

KEJ 66% 83% 29% 60% 34% 65% 

MIN NA NA NA NA NA NA 

BAB NA NA NA NA NA NA 

 

The relative dry deposition of routinely-measured species was examined.  Over the entire period (2000-2018), HNO3 295 

contributions to dry deposition of N were greater than those of pNO3
- and pNH4

+ at all sites (1.4-1.9 kg N ha-1 yr-1) (Table 1).  

This is because the dry deposition velocity of gaseous HNO3 is greater than that of particle N species (Table S2).   The highest 

mean HNO3 dry deposition was observed in southeastern Canada, but in the greater southeastern region (less affected by 

urban regional transport) dry deposition was lower than at the west coast and prairie sites.  Fluxes of HNO3 in the Atlantic 

region and remote sites (0.05-0.1 kg N ha-1 yr-1) were among the lowest in Canada.  Overall, there were minor contributions 300 

of pNH4
+ and pNO3

- to N dry deposition across Canada with the exception of two sites in southeastern Canada (Table 1).  As 

for the spatial patterns, the relative contributions of N species to dry N deposition was compared for the early and recent 

periods and the percentages remained constant between the two periods.  HNO3 contributed the greatest to N dry deposition 

(40-74%), followed by pNH4
+ (11-40%) and pNO3

- (5-25%) depending on the site (Fig. 2). The relative composition of N 

dry deposition varied from site to site yet remained relatively stable at each site during the two 5-year periods.   The relative 305 

amounts of oxidized N dry deposition, which comprised HNO3 and pNO3
-, were nearly equivalent in the two periods.  This is 

because of decreases in the dry deposition of both HNO3 and pNO3
- between the two periods (Fig. 2). 
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Figure 2: Mean N and S dry deposition fluxes (kg N or S ha-1 yr-1) and the percentage of N or S species in dry deposition during 

2000-2004 (1st bar) and 2014-2018 (2nd bar)  310 

 

Gaseous NH3, NO2, PAN, PPN and other NOy can also contribute to N dry deposition.  It was estimated that 50-65% of the 

N dry deposition during 2002-2005 at eight CAPMoN sites was attributed to N compounds that are not routinely-monitored 

by CAPMoN, while 35-50% was attributed to HNO3, pNO3
- and pNH4

+ (Zhang et al., 2009).   Based on additional N 

measurements at EGB in 2010, the relative dry deposition of routinely versus non-routinely monitored N species was 30% 315 

and 70%, respectively, on an annual basis.  N dry deposition including those of routine species, NO2, NH3 and unknown NOy 

(e.g., PAN, PPN, other N species) was 3.6 kg N ha-1 in 2010 (Table 3).  This was about three times the dry deposition of 

routine N species (1.1 kg N ha-1 in 2010).  Table 3 shows that the dominant species in N annual dry deposition were NH3 

(58%) and HNO3 (15%) followed by pNH4
+, NO2, pNO3

- and unknown NOy, respectively.  The N dry flux at EGB in 2010 

was slightly lower than the 3.9 kg N ha-1 estimated in 2002 (Zhang et al., 2009).  Oxidized N was the dominant form of N 320 

dry deposition in 2002 (Zhang et al., 2009).  In 2010, oxidized and reduced forms comprised 32% and 68%, respectively, of 

the N dry deposition.  This change was driven by a decrease in ambient oxidized N (9.5 ppbv in 2002 to 3.4 ppbv in 2010) 

and an increase in ambient reduced N notably from NH3 (1.2 ppbv in 2002 to 3.1 ppbv in 2010).  It should be noted that NH3 

undergoes frequent bi-directional air-surface exchange processes in agricultural areas, and its dry deposition estimates at 

EGB presented here should be treated as upper-end values.  Nevertheless, given NH3 was by far the largest contributor to N 325 
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dry deposition for this one-year period at EGB, including NH3 in routine monitoring should be a priority in order to 

accurately assess the long-term levels and effects of N deposition. 

   

At the 15 CAPMoN sites, dry deposition of S was dominated by SO2 at most sites except at BON, MIN and BAB, which had 

equal contributions from SO2 and pSO4
2- because of the relatively low SO2 concentrations at these three sites.  Dry 330 

deposition of SO2 was 1.6 and 3.0 kg S ha-1 yr-1 at the two sites in southeastern Canada, which represented the highest fluxes 

among the sites.  Dry deposition of SO2 in the greater southeastern region was only ~20% of that observed at the two sites in 

southeastern Canada (Table 1).  Dry fluxes of SO2 at the west coast and prairie sites ranged from 0.8 to 1.3 kg S ha-1 yr-1.  

The Atlantic region and remote sites recorded the lowest dry deposition of SO2 (0.1-0.3 kg S ha-1 yr-1).  Dry deposition fluxes 

of non-sea salt pSO4
2- were generally small at the majority of the sites except for the two sites in southeastern Canada (Table 335 

1).  This is because Vd of the particulate species are typically smaller than the gaseous compounds (Supplement Table S2).  

Concentrations of pSO4
2- may be higher or lower than those of SO2 depending on the site (Fig. S3).  The relative contribution 

of SO2 to S dry deposition generally decreased between the early and recent 5-year period (Fig. 2).  In 2000-2004, SO2 

contributed 65-93% of the S dry deposition depending on the site, while in the later period this ranged from 36-89%.  The 

relative dry deposition of pSO4
2- increased over the years to 11-55% and exceeded that of SO2 at five sites in the 2014-2018 340 

period (Fig. 2).  Feng et al. (2020) showed that the relative fraction of pSO4
2- to total S in ambient air rose by 50.6% as SO2 

declined in the eastern U.S. and eastern Canada for the 1989-2016 period.   

 

Table 3: Breakdown of atmospheric deposition of non-routinely (NR) and routinely (R) monitored N species at the EGB site in 

2010, on an annual basis and during cold (Jan-Apr, Nov-Dec) and warm (May-Oct) seasons 345 

  

Flux (kg N ha-1 yr-1) 
Relative contributions to 

dry N deposition 

Relative contributions to 

total N deposition 

 

Deposition Annual Cold Warm Annual Cold Warm Annual Cold Warm 

NR Dry NO2 0.3 0.3 0.3 8% 12% 7% 4% 6% 3% 

NR Dry NH3 2.1 1.0 3.3 58% 43% 67% 27% 21% 33% 

NR Dry unknown NOy 0.1 0.1 0.1 3% 4% 2% 1% 2% 1% 

R Dry HNO3 0.6 0.4 0.7 15% 15% 15% 7% 7% 7% 

R Dry pNO3
- 0.2 0.2 0.2 6% 10% 3% 3% 5% 2% 

R Dry pNH4
+ 0.3 0.4 0.3 9% 15% 6% 4% 7% 3% 

R Wet NO3
- 1.7 1.3 1.9 - - - 21% 26% 19% 

R Wet NH4
+ 2.5 1.4 3.2 - - - 32% 27% 31% 

NR+R Oxidized N (dry, total) 1.2, 2.8 1.0, 2.3 1.3, 3.2 32% 41% 27% 36% 45% 32% 

NR+R Reduced N (dry, total) 2.5, 4.9 1.4, 2.8 3.6, 6.8 68% 59% 73% 64% 55% 68% 

NR+R Summed dry N 3.6 2.4 5.0 

      NR+R Total (dry+wet) N 7.8 5.1 10.0 
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3.2.2 Seasonal patterns 

Seasonal mean dry deposition of N and S are shown in Fig. 3.  In the warm season (May to October), the deposition of 

HNO3 was higher at most locations.  For example, mean dry deposition of HNO3 during the warm season was twice that of 

the cold season for the two sites in southeastern Canada and the prairie site (Fig. 3).  This warm season increase is attributed 350 

to enhanced atmospheric oxidation especially at the more polluted sites, which are likely to observe higher oxidant mixing 

ratios.  In the cold season (November to April), dry deposition of HNO3 decreased while that of pNH4
+and pNO3

- increased 

slightly (Fig. 3).  This is due to the temperature-dependent gas-particle partitioning process, which is conducive to the 

formation of ammonium nitrate in the cold season.  The seasonal patterns in dry fluxes were consistent with those of the 

ambient air concentrations.  Concentrations of HNO3 were typically higher in the warm season, while pNO3
- were higher in 355 

the cold season (Feng et al., 2020). 

 

Dry deposition of NH3 at EGB in 2010 was higher in the warm season than the cold season.  Seasonal fluxes in that year 

were comparable for NO2 and unknown NOy.  Further, relative contributions for the cold and warm season were 43% and 

67% for NH3, 12% and 7% for NO2, and 4% and 2% for unknown NOy (Table 3).  The higher NH3 dry deposition in the 360 

warm season is due to the higher NH3 mixing ratios resulting from elevated agricultural activity and their associated 

emissions and increased volatilization with warmer temperatures. 

 

Unlike N, dry deposition of S was higher in the cold season, mainly driven by higher air concentrations of SO2 (Fig. 3).  On 

average, dry deposition of SO2 in the cold season was ~0.25 kg S ha-1 yr-1 higher than that of the warm season, despite the 365 

somewhat lower cold season mean Vd of SO2 at most of the sites; however, this difference was as high ~1 kg S ha-1 yr-1 at 

SAT and LON.  A likely explanation is that the atmospheric oxidation rate of SO2 in the cold season is much lower, which 

resulted in the higher ambient SO2 and its longer lifetime in the winter.  This is consistent with model simulation results, 

which estimated that the lifetime of SO2 during winter and summer were 48 h and 13 h, respectively (Lee et al., 2011).  At 

the range of latitudes of the CAPMoN stations (~45-55oN), the average gas-phase SO2 oxidation rate in the summer was 370 

approximately 11 times that of winter, with insignificant SO2 conversion in the winter (Altshuller, 1979).  Although the 

magnitude of the fluxes differed between seasons, the geographical distribution of the fluxes were generally consistent.  In 

both seasons, S dry deposition was highest at the two sites in southeastern Canada followed by the west coast and prairie 

site.  The Atlantic region and remote sites received the lowest dry deposition of S in the cold and warm seasons.  For pSO4
2-, 

there were minor differences in the dry deposition fluxes between seasons (Fig. 3).   375 
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Figure 3: Mean dry deposition fluxes of N and S species (kg N or S ha-1 yr-1) during the cold (Nov-Apr) and warm (May-Oct) 

seasons during 2000-2018.  C: cold season; W: warm season. 380 

3.2.3 Long-term annual trends  

Long-term trends in annual dry deposition of total N and S at 15 CAPMoN sites estimated using Theil-Sen slopes are shown 

in Fig. 4 and 5, respectively.  The rate of decrease in annual dry N deposition ranged from -0.007 (BON) to -0.11 (LON) kg 

N ha-1 yr-1.  This is equivalent to percentage decreases of -2.6% to -5.0% per year (Table S4).  The largest rate of decline in 

N dry deposition was at the two sites in southeastern Canada, LON and EGB (Fig. 4).  Greater interannual variability in N 385 

dry fluxes at these two sites was due to the larger variability in their ambient concentrations.  Ambient N concentrations at 

these two locations have been the highest among CAPMoN sites since measurements began in 1983 (Cheng and Zhang, 

2017) because of the strong influence of local urban and transboundary pollution.  In the last two decades, ambient N 

concentrations have decreased significantly as a result of air pollution control measures aimed at reducing NOx emissions in 

Canada and the U.S (section 3.1).  This improvement in air quality was largely responsible for the decrease in dry deposition 390 

of N and S.  The reductions in dry deposition fluxes were not attributed to changes in annual Vd of N and S species based on 

Theil-Sen’s analysis (Section S1.3; Fig. S2).  Moderate rates of decline in dry deposition of N were observed in the greater 

southeastern region (SPR, FRE, CHA, ALG), west coast (SAT) and in the Atlantic region (LED, KEJ).  Weak declining 

trends were estimated at remote sites (ELA, BON, CPS, BAB), where the ambient N concentrations have always been the 

lowest in Canada.  Thus, the interannual variability at remote sites were also much smaller compared with southeastern 395 
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Canadian sites.  Although the absolute rates of decrease were small, the percentage reductions in dry N deposition across 

Canada were substantial (Table 2).  No trends were found at BRA and MIN. 

 

Figure 4: Annual trends in dry deposition fluxes of nitrogen at CAPMoN sites (kg N ha-1 yr-1).  Theil-Sen slope and 95% 

confidence interval (green text); trendline de-seasonalized using LOESS (red line); observed seasonal mean dry deposition fluxes 400 
(blue time-series).  Note: excludes NH3 and other NOy dry deposition.  Statistically significant trends shown with *** (p<0.001) or 

** (p<0.01). 

 

 

Figure 5: Annual trends in dry deposition fluxes of sulfur at CAPMoN sites (kg S ha-1 yr-1).  Theil-Sen slope and 95% confidence 405 
interval (green text); trendline de-seasonalized using LOESS (red line); observed seasonal mean dry deposition fluxes (blue time-

series). Statistically significant trends shown with *** (p<0.001) or + (p<0.1). 
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At LON, EGB and FRE, the decreasing trends in dry N deposition from 2000-2018 were driven by the decrease in HNO3 and 

pNH4
+ dry deposition.  The rates of decline in dry N deposition (kg N ha-1 yr-1) from HNO3 and pNH4

+, respectively, were -410 

0.040 and -0.043 at LON, -0.027 and -0.027 at EGB, and -0.025 and -0.011 at FRE (Fig. S6).  In other parts of Canada, the 

decrease in dry N deposition was largely due to those of HNO3, while pNH4
+ and pNO3

- showed a very weak trend.  As 

reported by Feng et al. (2020), there was also a lack of trend in the annual mean concentrations of pNO3
- in eastern Canada 

and the eastern U.S. except for the Midwest.   

 415 

The annual rate of decrease in dry deposition of S was greater than that of N at all sites, which was consistent with the trends 

in their ambient air concentrations.  The rates of decrease varied from -0.016 (BON) to -0.35 (LON) kg S ha-1 yr-1 (4.2% to -

7.1% per year; Fig. S6 and Table S4).  Similar to dry N deposition, the steepest declines in dry S deposition were found at 

LON and EGB (Fig. 5).  Rates of decrease in dry S deposition were also substantial at the west coast site (SAT) and the 

greater southeastern region (SPR, FRE).  Moderate decreasing trends in dry S deposition were found at other southeastern 420 

Canadian sites (ALG, CHA) and in the Atlantic region (LED, KEJ).  Remote sites including ELA, BON, CPS and BAB 

exhibited weak temporal trends in dry S deposition.  No trends in dry S deposition were found at BRA and MIN.   

 

Although the overall trends are shown in Fig. 4 and 5, there were differences in the rates of decline in N and S annual dry 

deposition for the periods before and after 2010.  Annual dry N deposition decreased more rapidly during 2000-2009 425 

compared to 2010-2018 (Table 4).  Based on eleven sites with sufficient pre- and post- 2010 data, the rate of change in 

annual dry N deposition ranged from -0.009 to -0.16 kg N ha-1 yr-1 pre-2010 and -0.009 to -0.08 kg N ha-1 yr-1 post-2010.  

The magnitude of the trend at LON after 2010 was half of that before 2010.  Furthermore at 3 of the 11 sites (ELA, CPS, 

LED), the trends in annual dry N deposition were not statistically significant for the period after 2010.  The current trend in 

annual dry N deposition appears to be weakening across Canada, which is similar to the NOx emissions trends in Canada 430 

(section 3.1).  There was also a shift in the N compounds driving the declines in annual dry N deposition before and after 

2010.  At LON and EGB, the dry N deposition trends were equally dominated by those of HNO3 and pNH4
+ during 2000-

2009.  After 2010, the trends in HNO3 dry deposition plateaued and those of pNH4
+ drove the weaker dry N deposition trends 

in this period (Table 4).  This result was likely attributed to the flattening in NOx emissions.  Meanwhile, as SO2 ambient 

concentrations continued to decline after 2010, the secondary formation of pNH4
+ was also reduced.  Ambient NH3 435 

monitoring would be required to confirm the future trends in N dry deposition. 

 

For annual dry S deposition, the rate of decrease was much slower during 2010-2018 compared to the previous decade 

(Table 4).  For example, the magnitude of the trends at LON and EGB were 50-60% of that in the previous decade.  This was 

due to the weaker trend in ambient SO2 concentrations after 2010, which can be traced back to a similar weak trend in SOx 440 

emissions in Ontario and Quebec.  Interestingly, the rate of decline in annual dry S deposition accelerated after 2010 at SAT 

and ELA (Table 4).  Prior to 2010, the trends were not statistically significant at either site.    
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Table 4: Rate of change in annual dry deposition fluxes of N and S species (kg N or S ha-1 yr-1) based on Theil-Sen slopes 

(statistically significant at p<0.05).  Pre 2010: 2000-2009 period; post 2010: 2010-2018 period; NA: not available due to incomplete 445 
data; ns: trend is not statistically significant.  Note: ∑Nitrogen excludes dry deposition of NH3 and some oxidized nitrogen species. 

 

3.3 Total deposition fluxes 

3.3.1 Geographical distribution 

Total deposition fluxes were obtained by summing the dry deposition flux estimates and wet deposition measurements.  450 

Total deposition fluxes of N and S during 2000-2018 ranged from 1.7 to 9.5 kg N ha-1 yr-1 and from 1.3 to 8.5 kg S ha-1 yr-1 

across Canada.  The fluxes in Canada were lower than those in the continental U.S. over a similar timeframe (2002-2017), 

namely 3.3-11 kg N ha-1 yr-1 and 1-11 kg S ha-1 yr-1 which includes NH3 and other oxidized nitrogen (Benish et al., 2022).  

Total N and non-sea salt S deposition were highest in the southeastern region and were comparable among west coast, 

prairie, remote continental and Atlantic region sites (Table 5).  As illustrated in Fig. 6, the percentage of oxidized and 455 

reduced N were similar in the southeastern region; however, oxidized N does not include NO2 dry deposition and reduced N 

does not include NH3 dry deposition.  Oxidized N was greater than reduced N deposition at the west coast site and in the 

Atlantic region, while reduced N exceeded oxidized N at the prairie and remote continental sites (Fig. 6).   

 

The inclusion of NO2, NH3, PAN and unknown NOy dry deposition increased the total N deposition during the 2002-2005 460 

period from 4.2-9.5 kg N ha-1 yr-1 (routinely-monitored N) to 4.6-11.6 kg N ha-1 yr-1, depending on the site (Zhang et al., 

2009).  The increase in total N deposition due to the inclusion of NO2, NH3, PAN and unknown NOy dry deposition was 

 

HNO3 pNH4
+ pNO3

- SO2 pSO4
2- ∑N ∑S 

Site 
pre 

2010 
post 
2010 

pre 
2010 

post 
2010 

pre 
2010 

post 
2010 

pre 
2010 

post 
2010 

pre 
2010 

post 
2010 

pre 
2010 

post 
2010 

pre 
2010 

post 
2010 

SAT -0.024 -0.014 ns -0.005 -0.004 ns ns -0.167 -0.004 -0.007 -0.032 -0.021 ns -0.172 

BRA ns NA ns NA ns NA ns NA ns NA ns NA ns NA 

ELA -0.009 ns ns ns ns ns ns -0.013 -0.005 -0.004 -0.011 ns ns -0.018 

ALG -0.025 -0.008 -0.005 -0.003 ns ns -0.025 -0.022 -0.008 -0.006 -0.032 -0.009 -0.033 -0.028 

BON NA -0.003 NA -0.003 NA ns NA -0.010 NA -0.006 NA -0.006 NA -0.016 

LON -0.059 ns -0.055 -0.037 -0.040 ns -0.361 -0.207 -0.042 -0.032 -0.155 -0.078 -0.404 -0.239 

EGB -0.035 ns -0.031 -0.021 -0.028 ns -0.220 -0.117 -0.030 -0.023 -0.095 -0.062 -0.253 -0.133 

SPR -0.059 -0.020 -0.013 -0.007 ns ns -0.097 -0.052 -0.018 -0.011 -0.071 -0.031 -0.116 -0.061 

CHA -0.021 -0.006 -0.006 -0.004 ns ns -0.043 -0.023 -0.009 -0.006 -0.029 -0.012 -0.056 -0.030 

CPS -0.006 ns ns ns ns ns -0.018 ns -0.006 ns -0.009 ns -0.024 -0.008 

FRE -0.041 ns -0.009 -0.011 ns ns -0.057 -0.050 ns -0.012 -0.047 -0.032 -0.069 -0.062 

LED -0.033 ns -0.006 ns ns ns -0.031 -0.014 -0.010 -0.004 -0.042 ns -0.037 -0.019 

KEJ -0.029 -0.009 -0.006 -0.006 ns ns -0.066 -0.018 -0.017 -0.010 -0.039 -0.018 -0.081 -0.028 

MIN NA ns NA ns NA ns NA ns NA ns NA ns NA ns 

BAB NA ns NA ns NA ns NA -0.008 NA -0.008 NA ns NA -0.016 
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greater at CAPMoN sites near agricultural areas (~1.7 kg N ha-1 yr-1 increase) compared with other sites (~0.4 kg N ha-1 yr-1 

increase) (Zhang et al., 2009).  At the EGB site, which is surrounded by agricultural areas, NH3 dry deposition was a 

significant contributor to total N deposition.  Dry deposition of the non-routinely monitored species increased the total N 465 

deposition at EGB from 5.2 kg N ha-1 (routinely-monitored N) to 7.75 kg N ha-1 in 2010 (Table 3).  Note that the N dry 

deposition of the non-routinely monitored species at EGB in 2010 was only ~0.3 kg N ha-1 yr-1 higher than that in 2002.  

This was because the increase in NH3 dry deposition from 2002 to 2010 was largely offset by the decrease in NO2 dry 

deposition.  The importance of agricultural NH3 to local and downwind total N deposition is evident (Walker et al., 2019; Hu 

et al., 2021; Pan et al., 2021); however, quantifying its role remains elusive in natural lands in Canada because of limited 470 

measurements. 

 

In the early 2000s, total N deposition fluxes were comparable by mass to those of total S (Table 5).  During the latter period 

in 2014-2018, total N deposition exceeded that of total S in most regions.  This is due to the large declines in ambient S from 

the early 2000s to the recent period.  Significant declines in total N and S deposition were observed between the two periods 475 

with percentage decreases of 19-37% and 54-71%, respectively (Table 2).  Oxidized N (i.e. dry HNO3+ dry pNO3
- + wet 

NO3
-) deposition was greater than that of reduced N (i.e. dry pNH4

+ + wet NH4
+) during 2000-2004 in all regions (Table 5).  

During 2014-2018, reduced N deposition surpassed oxidized N deposition in the southeastern region; however, oxidized N 

deposition continued to be greater than reduced N deposition in the west coast, prairie, and Atlantic regions. 

 480 

Table 5: Regional breakdown of mean total (dry+wet) N and S deposition fluxes (kg N or S ha-1 yr-1) across Canada  

Region  

(site ID) 
Period Total S a Total N 

NO3
-  

(oxidized Nb) 

NH4
+  

(reduced Nc) 

Southeastern 

(LON, EGB) 

2000-2018 5.7-8.5 7.1-9.5 3.6-4.7 3.5-4.8 

2000-2004 8.4-12.9 8.3-11.6 4.7-6.4 3.6-5.2 

2014-2018 2.5-3.8 6.3-7.9 2.6-3.3 3.7-4.6 

Greater southeastern 

(SPR, ALG, CHA, 

FRE) 

2000-2018 4.5-5.1 5.1-7.7 2.7-3.7 2.4-4.0 

2000-2004 5.4-7.0 6.3-9.6 3.7-5.0 2.6-4.6 

2014-2018 1.8-2.8 4.0-6.4 1.9-2.9 2.1-3.7 

West coast & prairie 

(SAT, BRA) 

2000-2018 2.1-2.4 2.6-3.2 1.4-1.8 0.7-1.9 

2000-2004 1.8-3.3 2.9-3.4 1.3-2.1 0.8-1.5 

2014-2018 1.3 2.2 1.5 0.7 

Atlantic 

(KEJ, MIN, BAB) 

2000-2018 1.5-3.0 1.7-3.3 1.0-2.0 0.6-1.2 

2000-2004 3.3 4.0 2.7 1.3 

2014-2018 1.1-1.5 1.4-2.6 0.9-1.5 0.6-1.1 
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Remote continental 

(ELA, BON, CPS, 

LED) 

2000-2018 1.3-2.9 2.8-4.0 1.2-2.2 1.5-2.4 

2000-2004 2.2-4.0 4.0-5.1 2.0-3.1 1.8-2.5 

2014-2018 1.0-1.8 2.6-3.7 1.2-1.8 1.3-2.4 

a Total S includes dry SO2, dry pSO4
2-, and wet SO4

2- 

b Oxidized N includes dry HNO3, dry pNO3
-, and wet NO3

- 

c Reduced N includes dry pNH4
+ (no NH3) and wet NH4

+  

 485 

 

Figure 6: Percentage of oxidized and reduced N species in annual total deposition of N during 2000-2018. Mean (circle); range or 

annual variability (error bars). 

 

3.3.2 Relative contributions of dry and wet deposition 490 

Total N deposition was dominated by wet deposition of NO3
- and NH4

+, while total S deposition was dominated by wet 

deposition of SO4
2- and dry deposition of SO2.  Annual wet deposition of total N and S averaged over all years were greater 

than those of dry deposition.  Wet N deposition ranged from 71 to 95% depending on the location (Fig. 7), while wet S 

deposition varied from 45 to 89%.  At the west coast, prairie, and southeastern sites, the relative contribution from dry 

deposition was slightly higher compared with other sites (Fig. 7).  This is due to the lower precipitation amounts in the west 495 

coast and prairie sites and the higher atmospheric N and S concentrations at the two southeastern sites.  At EGB, the relative 

wet and dry N deposition of routine species were 79% and 21%, respectively, in 2010.  With the inclusion of dry deposition 

of NO2, NH3 and unknown NOy, the relative N dry deposition increased to 47%.  The relative total N deposition in 2010 was 

dominated by NH4
+ wet deposition, NH3 dry deposition and NO3

- wet deposition (Table 3), whereas in 2002, NH4
+ and NO3

- 

wet deposition and NOy dry deposition comprised the bulk of total N deposition (Zhang et al., 2009).  A comparison between 500 

2002 and 2010 shows a clear shift from the predominance of oxidized N to reduced N in total deposition at EGB if NH3 dry 

deposition is accounted for. 
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Ratios of wet to dry deposition fluxes varied between sites.  On average, wet deposition exceeded dry deposition by a factor 

of 10 for total N and a factor of 5 for total S.  There were also large differences between wet and dry deposition of oxidized 505 

and reduced N.  Mean wet/dry flux ratios for oxidized and reduced N were ~7 (range: 1.7 to 14.7, depending on location) 

and ~18 (range: 6.2 to 32.9), respectively.  The large disparity between wet and dry deposition of reduced N was likely 

because of the lack of data on dry NH3 deposition and the minor contribution to dry deposition from pNH4
+.  For example, 

the wet/dry flux ratio for reduced N at EGB in 2010 was 7.2 without considering NH3 dry deposition, whereas the ratio was 

only 1.0 after including NH3 dry deposition.  Thus, the actual ratio should be between 1.0 and 7.2 if bi-directional exchange 510 

is considered for NH3. 

 

Figure 7: Percentage of wet and dry annual deposition of (a) nitrogen and (b) sulfur during 2000-2018. Mean percentage (circles); 

range or annual variability in the percentage (error bars); mean annual precipitation amount (diamonds). 

 515 

3.3.3 Seasonal patterns  

Mean total deposition of N, the mean cold and warm season fluxes were 1.4 to 9.3 kg N ha-1 yr-1 and 1.9 to 9.7 kg N ha-1 yr-1.  

Larger differences in the fluxes between seasons were observed for N deposition.  Notably, mean total N deposition in the 

cold season was greater than in the warm season by ~1 kg N ha-1 yr-1 at BRA, ELA, ALG, SPR, CHA, FRE and LED (Fig. 

S7).  At EGB, the warm season flux exceeded the cold season flux by 1.5 kg N ha-1 yr-1.  Total N deposition was dominated 520 

by wet NO3
- in the cold season and by wet NH4

+ in the warm season (Fig. 8).  Wet NO3
- deposition was greater in the cold 

season than in the warm season and vice versa for wet NH4
+ deposition.  The proportion from dry N deposition (i.e. 

HNO3+pNO3
-+pNH4

+) was similar between the cold and warm season at most sites.  

  

Mean total deposition of S ranged from 1.4 to 8.3 kg S ha-1 yr-1 during the cold season and 1.3 to 8.7 kg S ha-1 yr-1 during the 525 

warm season.  The differences in the total S flux between seasons were larger at a few sites.  The cold season flux was 0.75 

kg S ha-1 yr-1 greater than the warm season flux at SAT, whereas the warm season flux was 1.1 kg S ha-1 yr-1 greater than the 
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cold season flux at EGB (Fig. S8).  Wet SO4
2- deposition dominated the total deposition of S at most sites in either season, 

except for the west coast and prairie sites and two southeastern sites.  At these sites, dry S and wet SO4
2- deposition were 

nearly equivalent during the cold season (Fig. 8).  Wet SO4
2- deposition was greater while dry S deposition was smaller in 530 

the warm season than in the cold season. 

 

Figure 8: Mean total (dry+wet) deposition fluxes of N and S species in kg N or S ha-1 yr-1 during the cold (Nov-Apr) and warm 

(May-Oct) seasons during 2000-2018. 

3.3.4 Long-term annual trends 535 

Long-term trends in annual total (dry+wet) deposition of N, non-sea salt S and individual components are shown in Fig. 9 

and 10, respectively.  Based on Mann-Kendall analyses, statistically significant decreasing trends in total N deposition were 

found at 11 sites with slopes ranging from -0.03 (SAT) to -0.25 (LON) kg N ha-1 yr-1 (Table 6).  This is equivalent to 

decreasing trends of -1.1% to -3.3% per year for total N deposition (Table S4).  Over the continental U.S., total N deposition 

also decreased at a similar rate of -0.06 to -0.3 kg N ha-1 yr-1 during the same period owing to NOx emissions reductions 540 

(Benish et al., 2022).  Annual trends were not significant at BON, MIN and BAB (p>0.05).  Decreasing trends in total 

deposition of S were found at 14 sites with magnitudes ranging from -0.08 (ELA) to -0.66 (LON) kg S ha-1 yr-1 (-3.5% to -

6.6% per year).  Annual trends in total N and S deposition were not available at BRA due to data gaps.  Total deposition 

fluxes of N and S declined more rapidly in southeastern Canada than in the Atlantic region and remote sites, which reflect 

the substantial NOx and SO2 emissions reductions in eastern Canada and the eastern U.S. (Fig. S5a).  Total N and S 545 

https://doi.org/10.5194/acp-2022-400
Preprint. Discussion started: 28 June 2022
c© Author(s) 2022. CC BY 4.0 License.



23 

 

deposition at the west coast site decreased at a slower rate compared with southeastern Canada.  This result is consistent with 

the slower decline in emissions reductions in western Canada (Fig. S5b).  Oxidized N compounds drove the decreasing 

trends in total deposition of N at the majority of the sites (Table 6).  Trends in reduced N were not statistically significant at 

most sites except for the slight decreasing trends at ALG, CHA and CPS.   

 550 

The lack of trends in total deposition of reduced N (excluding dry deposition of NH3) can be explained as follows.  First, 

total deposition of reduced N was dominated by the wet deposition of NH4
+, which exhibited a lack of trend in the eastern 

U.S. and eastern Canada (Feng et al., 2021).  Second, although ambient concentrations of pNH4
+ decreased as a result of 

declines in pSO4
2- and pNO3

-, dry deposition of pNH4
+ was relatively less important as pNH4

+ was predominately in PM2.5 

which has a smaller Vd compared with coarse or ultrafine particulates (d < 0.1 μm) (Zhang and He, 2014). However, with 555 

less pNH4
+ formed in the air due to SO2 and NOx emissions reductions, ambient NH3 in the air increased over the U.S. and 

Canada (Butler et al., 2016; Yao and Zhang, 2016; Feng et al., 2021).  This is possible given that the Vd of NH3 is 5 to 10 

times higher than the Vd of pNH4
+; however, additional long-term measurements of ambient NH3 would be required in order 

to verify this (e.g., via ongoing remote sensing and passive measurements). 

 560 

Similar to the trends in dry deposition, differences in the annual total deposition trends were observed between the 2000-

2009 period and 2010-2018 period.  While the decreasing trends in total deposition of N were statistically significant at eight 

sites in the period before 2010, there were only two sites with significant declining trends after 2010 (Table 6).  Relatively 

flat trends in ambient TNO3 (pNO3
- + HNO3) were also reported for the Northeast, the Mid-Atlantic and the Southeast of the 

U.S. after 2010 (Feng et al., 2020).  Prior to 2010, long-term trends in total deposition of N were mainly driven by oxidized 565 

N species.  Trends in reduced N deposition were not statistically significant in either period.  Decreasing trends in total 

deposition of S were statistically significant in the periods before and after 2010.  The magnitude of the trends were smaller 

during 2010-2018 compared with 2000-2009 at ALG, EGB, SPR and LED, whereas the trends during 2010-2018 were equal 

to or larger than those during 2000-2009 at SAT, LON, CHA, and FRE (Table 6).  During the last decade, total deposition of 

S has continued to decrease owing to reductions in SO2 emissions.  In contrast, total deposition of N and NOx emissions have 570 

leveled off in the last decade in Canada, similar to the continental U.S. (Benish et al., 2022). 

 

Table 6: Rate of change in annual total (dry+wet) deposition fluxes of N and S (kg N or S ha-1 yr-1) based on Theil-Sen slopes 

(statistically significant at p<0.05).  Pre 2010: 2000-2009 period; post 2010: 2010-2018 period; NA: not available due to incomplete 

data; ns: trend is not statistically significant.  Note: Total N and reduced N exclude dry deposition of NH3 and some oxidized 575 
nitrogen species. 

 2000-2018 Total S Total N Total oxidized N Total reduced N 

Site Total S Total N Total 

oxidized 

N 

Total 

reduced 

N 

pre 

2010 

post 

2010 

pre 

2010 

post 

2010 

pre 

2010 

post 

2010 

pre 

2010 

post 

2010 
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SAT -0.14 -0.03 -0.03 ns -0.10 -0.22 ns ns ns ns ns ns 

BRA NA NA NA NA NA NA NA NA NA NA NA NA 

ELA -0.08 -0.06 -0.05 ns ns -0.06 ns ns -0.08 ns ns ns 

ALG -0.29 -0.24 -0.19 -0.07 -0.34 -0.26 -0.38 ns -0.27 ns ns ns 

BON -0.10 ns ns ns NA -0.10 NA ns NA ns NA ns 

LON -0.66 -0.25 -0.22 ns -0.59 -0.57 -0.41 ns -0.31 -0.14 ns ns 

EGB -0.40 -0.16 -0.15 ns -0.38 -0.28 -0.21 ns -0.20 ns ns ns 

SPR -0.37 -0.20 -0.17 ns -0.47 -0.34 -0.39 ns -0.32 -0.11 ns ns 

CHA -0.25 -0.15 -0.12 -0.03 -0.23 -0.26 ns -0.22 -0.16 -0.11 ns -0.09 

CPS -0.17 -0.14 -0.09 -0.04 -0.19 -0.16 -0.23 -0.14 -0.13 ns ns ns 

FRE -0.38 -0.16 -0.15 ns ns -0.37 -0.33 ns -0.26 ns ns ns 

LED -0.18 -0.13 -0.11 ns -0.21 -0.15 -0.31 ns -0.23 ns -0.08 ns 

KEJ -0.21 -0.11 -0.09 ns -0.23 -0.19 -0.20 ns -0.18 ns ns ns 

MIN -0.12 ns ns ns NA -0.14 NA ns NA ns NA ns 

BAB -0.16 ns ns ns NA -0.15 NA ns NA ns NA ns 

 

 

A comparison of dry and wet deposition trends indicates that wet deposition of oxidized N and SO4
2- decreased more rapidly 

than dry deposition from 2000 to 2018, although differences between wet and dry deposition trends varied across locations.  580 

Trends in the wet deposition of oxidized N (NO3
-) were much greater than those of dry deposition (HNO3+pNO3

-).  

Depending on the site, the annual rate of decrease in wet deposition of oxidized N was greater than dry deposition of 

oxidized N by a factor of 2.5 (LON and EGB) to 17 (CPS).  The annual rate of decrease in wet deposition of SO4
2- exceeded 

that of dry deposition (SO2+pSO4
2-) by a factor of 1.1 (EGB) to 7.9 (CPS) (Table S5).  In contrast, decreasing trends in dry 

deposition of S were greater than those of wet deposition at SAT and LON.  The inter-site variability between wet versus dry 585 

deposition trends is likely due to the distance from emission sources.  The SO2 and NOx concentrations and by extension dry 

deposition are quite low at remote sites.  Thus, decreasing emissions from distant sources have minor impact on the ambient 

concentrations and dry deposition.  Trends in the emissions at remote sites are mostly reflected in wet deposition given the 

high precipitation amounts at these sites (Fig. 9 and 10).  While there were slight decreasing trends in dry deposition of 

pNH4
+ at all CAPMoN sites, trends in annual wet deposition of reduced N (NH4

+) were not significant at most of the 590 

Canadian sites (Table S5).  The rate of decline in wet deposition fluxes were greater than those of dry fluxes for N and S 

based on the absolute fluxes.  However, the percentage decrease in dry deposition was greater than those in wet deposition 

(Table 2) owing to the smaller magnitude of dry fluxes compared to wet fluxes.  The percentage decreases in dry deposition 

of S and oxidized N between 1990 and 2010 were also greater than that of wet deposition in the U.S. (Sickles and Shadwick, 

2015; Zhang et al., 2018).  Changes in the meteorological conditions, especially the precipitation amount, may have played a 595 

role in the different trends and their relative dry and wet contributions to total deposition, but this is outside the scope of this 

paper and could be the subject of future analysis.  
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The proportion of total deposition of N and S from wet deposition increased modestly during the 2000-2018 period (Table 

S5).  The increasing trends were statistically significant at 11 sites with the percentage of wet N in total deposition varying 600 

from 0.1%/yr (ELA) to 0.5-0.6%/yr (SAT, LON, EGB).  For the percentage of wet S in total deposition, the trends were 

statistically significant at 10 sites and the magnitudes ranged from 0.2%/yr (ELA) to 1.3%/yr (LON).  Long-term trends in 

the percentages of oxidized and reduced N in total deposition were also analyzed.  Due to significant decreases in oxidized N 

deposition and lack of trend in reduced N deposition during 2000-2018, the proportion of reduced N in total deposition have 

generally risen over the same period.  Increasing trends in the percentage of reduced N in total deposition were estimated at 605 

11 sites with magnitudes ranging from 0.3%/yr to 1.3%/yr.  The largest rates of increase (>1% reduced N/yr) were found at 

EGB, FRE, LON, SPR and LED (Table S5).  The rise in the percentage of reduced N is a conservative estimate since NH3 

dry deposition was not included. 

 

 610 

Figure 9: Long-term annual trends in total (dry+wet) deposition of nitrogen.  Total deposition (kg N ha-1 yr-1, primary y-axis); 

precipitation (mm yr-1, secondary y-axis); * indicates dry or wet deposition data were not available because data completeness 

criteria were not met. 
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 615 

Figure 10: Long-term annual trends in total (dry+wet) deposition of sulfur.  Total deposition (kg S ha-1 yr-1, primary y-axis); 

precipitation (mm yr-1, secondary y-axis); * indicates dry or wet deposition data were not available because data completeness 

criteria were not met. 

 

3.4 N and S deposition response to long-term changes in emissions  620 

The efficacy of emissions reductions were evaluated by examining the ratio of the percentage change in deposition of N and 

S to the percentage change in precursor emissions based on the Theil-Sen’s slopes (i.e. response).  Analysis of emissions 

changes were based on emissions from the large geographical regions that are known to influence the CAPMoN sites 

according to previous back trajectory analyses.  This approach increased the likelihood of detecting relationships between 

ambient measurements and emissions by reducing the local meteorological effects on the ambient measurements (Brook et 625 

al., 1994).  Wet NO3
- deposition has declined drastically in the U.S. northeast owing to large reductions in NOx emissions 

(Du et al., 2014; Li et al., 2016), and the response in total oxidized N deposition to changes in NOx emissions between 2000 

and 2017 was nearly 1 to 1 based on model simulations (Nopmongcol et al., 2019; Tan et al., 2020).  A similar analysis 

spanning the early 1990s to mid-2000s indicated that the response in total oxidized N deposition to NOx emissions decrease 

in the eastern U.S. was closer to 65-78% (Sickles and Shadwick, 2015).  In the southeastern U.K., the response in wet NO3
- 630 

concentrations to domestic NOx emissions reductions was 0.8 to 1 based on a 20% change in wet NO3
- and 25% change in 

NOx emissions (Fowler et al., 2005).  In this study, we estimated that the response in total oxidized N deposition to NOx 
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emissions reductions in eastern Canada and eastern U.S. was 86-88% in southeastern Canada and 84-87% at one Atlantic site 

(KEJ) for the 2000-2018 period (Table S6).  The response in total oxidized N deposition at a west coast site (SAT) to NOx 

emissions decrease in western Canada was 113%.  The response in total oxidized deposition at the Canadian west coast site 635 

to NOx emissions reductions in the western U.S. was only 42%.  Thus, both domestic and transboundary emissions 

reductions were pivotal in decreasing total oxidized N deposition in eastern Canada, whereas domestic emissions reductions 

were more effective in decreasing the deposition at the west coast site.  Emissions reductions were also more effective in 

decreasing dry N deposition than wet oxidized N deposition.  The responses in dry and wet oxidized N deposition in 

southeastern Canada to NOx emissions decrease were 103-106% and 85-87%, respectively (Table S6).   640 

 

Unlike oxidized N, the quantitative linkage between total reduced N deposition and NH3 emissions is uncertain because of 

missing data on long-term NH3 dry deposition in this study (Table S7).  The lack of trend in wet NH4
+ deposition at Canadian 

rural sites was consistent with NH3 emissions in eastern Canada (a slight decreasing trend) and the eastern U.S (no trend) 

(Fig. S5a).  Increasing wet NH4
+ deposition trends at U.S. sites were ascribed to rising NH3 emissions (Du et al., 2014; Li et 645 

al., 2016).  However, Tan et al. (2020) suggest that total reduced N deposition in the continental U.S. changed only by 60-

80% per unit change in U.S. NH3 emissions.  In contrast, the response in wet NH4
+ concentration to NH3 emissions in 

southeastern U.K. was 130% (Fowler et al., 2005).   

 

The total non-sea salt S deposition response to decreases in eastern Canadian and eastern U.S. SO2 emissions was 90-96% in 650 

southeastern Canada and 108-115% in the Atlantic region (Table S8).  The response in total S deposition at the west coast 

site to western Canadian SO2 emissions reductions was 150%, whereas the response was 73% with respect to western U.S. 

SO2 emissions reductions.  The response to SO2 emissions reductions were greater for dry S deposition than wet S deposition 

in all Canadian regions, which was also observed in the U.K. (Fowler et al., 2005) and in the eastern U.S. (Sickles and 

Shadwick, 2015).  Thus, changes in emissions likely result in a more immediate change in dry deposition of S and oxidized 655 

N, while changes in wet deposition are less regionally coupled with emissions because of the role of meteorology. 

 

3.5 Long-term trends in critical loads exceedances  

Aquatic critical loads (CL) for the lakes around the five stations studied (ALG, ELA, LED, BAB and KEJ) ranged from 308 

(KEJ) to 1460 eq ha-1 yr-1 (LED), which encompasses a large range of surface water acid-base conditions (Table S9).  As 660 

expected, aquatic CL exceedances at each station showed decreasing trends with time in agreement with the decrease in total 

N and S deposition.  Among the lakes in the five regions, the lakes of three regions (ALG, BAB and LED) showed no 

exceedance in any year over the 2000-2018 period because of high CL (Table S9).  The selected lakes around ELA generally 

showed exceedance in the first half of the period but after 2008 there was no exceedance except in 2012 (Fig. 11).  For the 

Kejimkujik (KEJ) region, the selected lakes showed high exceedances at the beginning of the period (2001-2008), whereas 665 
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exceedances were close to or below zero after 2012.  The results are in good agreement with recent trends showing improved 

pH and alkalinity in this region although many lakes are still below critical pH and alkalinity thresholds for aquatic life 

(Houle et al., 2022).  Indeed, the Kejimkujik region has been severely influenced by acidification of soils and surface waters 

and the latter are still among the most sensitive (i.e., have low base cation concentrations) and exhibit the greatest proportion 

of acidic surface water across Canada (Jeffries et al., 2003; Houle et al., 2022).  It must be noted that the lake CL estimates 670 

are based on a small number of lakes and that there may be biases in their selection (based on their proximity to the studied 

stations).  As such, the data presented here provide a recent estimation of aquatic CL exceedances for selected lakes of five 

regions covering a wide array of acid-base status, but this does not provide an exhaustive picture of the whole lake 

population at a much larger scale.  Based on estimates from a previous study (Zhang et al., 2009), dry deposition of NO2, 

NH3, PAN and unknown NOy (non-routinely monitored species) at ALG, KEJ and LED did not result in additional years of 675 

exceedance (Table S11).  Total acidic deposition exceeded CL at KEJ by an additional 8% in 2002, while it remained 

significantly below the CL at ALG and LED in 2003 because of the high base cation levels in the lakes. 

 

 

Figure 11: Aquatic (left) and terrestrial (right) critical load (CL) exceedances from 2000-2018 under total (sulfur and nitrogen) 680 
deposition for the stations experiencing exceedance at any point in the time series.  The grey area represents non-exceedance.  

Note: stations with deposition fluxes below CL in every year from 2000-2018 are not shown. 

   

Terrestrial critical loads were estimated at 14 stations showing very low terrestrial CLmaxS at BAB (208 eq ha-1 yr-1) and 

CLmaxS values below 500 eq ha-1 yr-1 for MIN, CPS, and LED (Table S10).  Poor weathering rates characterized the soil CL 685 

at these four stations; these sites have shallow soils (i.e. 30 cm or less) underlain by acidic parent material.  The three 

southern stations (LON, EGB, FRE) had the highest CLmaxS; these stations are situated in areas with deeper soils (up to 50 

cm) and alkaline parent material.  Relatively high CLmaxN caused by poorly drained soils (high denitrification fraction) 

characterized the BON site.  Five of the 14 stations received total N+S deposition in exceedance of their terrestrial CL at 

some point in time across the study period (Fig. 11).  The SPR site represented the highest initial terrestrial CL exceedance 690 

(beginning in 2003) and steepest decline into non-exceedance of the five exceeded sites; ALG followed a similar trend.  The 
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CPS site was only briefly in exceedance during a period of high deposition in 2000 and 2002.  Wet deposition was the main 

driver of the majority of the acidic deposition, and wet SO4
2- alone resulted in terrestrial CL exceedance at these five 

stations.  Terrestrial ecosystems in exceedance of their CL are at risk for decreased soil base saturation, mobilization of root-

toxic aluminum ions, and reduced plant growth.  While soils may be slower to recover from acidification, the trend into non-695 

exceedance by the terrestrial sites is encouraging and consistent with indications that forest soils in North America are 

gradually recovering (Lawrence et al., 2015; Hazlett et al., 2020). 

 

Figure 11 shows fluctuations in the exceedances with deposition just below or at the terrestrial CL at a few sites (e.g., CHA 

in 2004-2006 and LED in 2003/2005).  The inclusion of NO2, NH3, PAN and unknown NOy dry deposition reported in our 700 

previous study (Zhang et al., 2009) resulted in CL exceedance at CHA in 2004 and near exceedance at LED in 2003 (Table 

S11).  This suggests that the dry deposition of other N compounds cannot be neglected at sites where the difference between 

the CL and total deposition from routinely-monitored N is small.  Even with the increased total N deposition at EGB due to 

the additional N flux, terrestrial CL was not in exceedance in 2002 or 2010 because of the high CLmaxS and CLmaxN at EGB 

(Table S10). 705 

   

Exceedances of terrestrial and aquatic CL presented here are not a direct comparison with regards to area, data sources or 

methodology, and are presented separately to illustrate how CL exceedance responds to acidic deposition trends.  Aquatic 

and terrestrial CL are subject to a number of uncertainties, including those in the input data (e.g. runoff, satellite land cover 

identification, soil data) and in the methodology (e.g. selection of a critical chemical criterion) (Hall et al., 2001).  The 710 

terrestrial CL used a map-based approach that introduces additional uncertainty from the application of regional maps to 

local sites.  The resulting CL estimates, however, have been shown to have less uncertainty than the individual model inputs 

because of compensating errors (Suutari et al., 2001; Skeffington et al., 2007).  

4 Conclusions 

Data at 15 rural and remote CAPMoN sites were used to estimate dry and wet N and S deposition fluxes from 2000 to 2018.  715 

Acidic deposition at 14 sites decreased significantly during this period.  While the declining trend in acidic deposition was 

modest at the west coast site, the decrease in acidic deposition was much greater in southeastern Canada.  Total N deposition 

in southeastern Canada decreased from 6.3-11.6 kg N ha-1 yr-1 during 2000-2004 to 4.0-7.9 kg N ha-1 yr-1 during 2014-2018, 

excluding dry deposition of NH3 and some oxidized N compounds.  Total S deposition for the respective periods were 5.4-

12.9 kg S ha-1 yr-1 and 1.8-3.8 kg S ha-1 yr-1 in southeastern Canada.  Our analysis showed that decreases in total S deposition 720 

were driven by reductions in wet SO4
2- deposition and dry SO2 deposition, while decreases in total N deposition were largely 

attributed to reductions in wet and dry oxidized N deposition.  Changes in total ammonium deposition were not significant.  
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The long-term decrease in acidic deposition can be explained by reductions in anthropogenic SO2 and NOx emissions in 

Canada and the U.S.   

 725 

To assess the effects of acidic deposition on Canadian ecosystems, critical loads of acidity were estimated for soils and lakes 

surrounding the monitoring sites.  Although ecosystem damage likely occurred in acid-sensitive regions throughout the early 

2000s, no significant exceedances of aquatic and terrestrial critical loads were observed after 2012 according to the SSWC 

and SMB steady-state CL models.  It is important to emphasize that the legacy effects of acidification on ecosystems have 

not been resolved.  While the models indicate that under post-2012 deposition, the ecosystems are not exceeded, they do not 730 

indicate when the ecosystems will reach non-exceedance.  The critical loads analysis presented in this paper is a case study, 

and there are some lakes in eastern Canada that continue to be very acidic.  Moreover, the deposition sites were not selected 

based on their representation of acid-sensitive soils or lakes.   

 

Continued monitoring and tracking of long-term trends in total S and N deposition across Canada is essential, particularly in 735 

western Canada and the prairie provinces where SO2 and NOx emissions reductions are modest and NH3 emissions are rising.  

N and S monitoring sites have been added in western Canada since 2015 to track long-term emissions and acidic deposition 

trends in that region.  The selection of new deposition monitoring sites needs to consider high risk areas where differences 

between acidic deposition and critical loads are marginal and where emissions of N and/or S are increasing.  As oxidized N 

in air and in deposition continue to decrease, reduced N will comprise a larger proportion of the total N deposition at a 740 

greater number of sites.  Thus, a greater focus is needed to track ammonia emissions and reduced N deposition trends and 

understand other drivers of variability (e.g. climate variability and changes in the atmospheric chemistry).  Emerging 

research in Europe and the U.S point to the growing importance in acquiring a complete N deposition budget, not only for 

mapping critical loads of acidity but also mapping thresholds for eutrophication.  Future work will also include mapping 

continuous acidic deposition fluxes through model-measurement fusion to supplement monitoring networks and using the 745 

resulting high spatial resolution fluxes to conduct a detailed study of the impacts of acidification on Canadian ecosystems. 
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