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Motivation 
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Evaluate the model’s performance in simulating wet nitrogen 
deposition and its long-term trends 

 

Investigate long-term trends in total nitrogen deposition 
during 1990 to 2010 in U.S., by using air quality simulations 
with consistent emission inventory in U.S.  

 

Investigate impacts of nitrogen deposition trends on 
ecological systems 

 



Model configuration 
Coupled WRF-CMAQ two-way model 
 Horizontal resolution of 36 × 36 km covering the Continental U.S. (CONUS). 

 Comprehensive consistent US emission inventory from 1990 to 2010 developed by Xing 
et al., 2013 

 Boundary conditions are obtained from 108 × 108 km WRF-CMAQ hemisphere 
simulation (Xing et al., 2015) 

 Simulation period covering 1990 to 2010 

Gan et al., 2016 
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US Emission trends from 1990 to 2010 

NH3 

NOx 
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Jia et al., 2013 

 Significant decreases for NOx due to the 
Clean Air Act.  

 NH3 emissions were increased by 11%, 
particularly in North Carolina and Iowa 
due to significant increases in the activity 
of livestock and agriculture. 
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Model Evaluation 

 The model simulates the observed spatial variability 
 The performance is better in Eastern than Western U.S. for both TNO3 and NHx 

 Model underestimates the nitrogen deposition for both TNO3 and NHX  

           Wet dep TNO3 = NO3
-
 + HNO3         Wet dep NHX = NH4

+
 + NH3 

Total 170 valid NADP sites. Data at a location are considered only if at least 18 years of observational 
data is available for the site, with 75% annual coverage. Precipitation adjustment also considered. 
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Model Evaluation-cont’d 

 For the trend, the performance for TNO3 is much better than that for NHX 

 East U.S. has a significant decreasing trend in TNO3 deposition 

             TNO3 trend 1990-2010                     NHX trends 1990-2010 

Total 170 valid NADP sites. Data at a location are considered only if at least 18 years of observational 
data is available for the site, with 75% annual coverage. Precipitation adjustment also considered. 
ed. The linear least square fit method was used for the trend analysis.  
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Total Inorganic Nitrogen (TIN) trends 

Grey areas in the right panel show regions with the significance of p greater than 0.05 using the Student t test 

 For TIN, higher in the East and lower in the West 
 Hot spot of TIN in NC due to high NH3 emissions 

 Significant decrease of the TIN deposition in the East as a result of NOx 
reductions, and increase over NC, IA, MN and SD. 7 



TNO3 trends (wet + dry) 

 Significant decrease of TNO3 across the U.S., especially in the East and CA  
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Grey areas in the right panel show regions with the significance of p greater than 0.05 using the Student t test 



NHx trends (wet + dry) 

 Significant increase in NHX in Central U.S., and also over the east coast, especially 
in NC 
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Grey areas in the right panel show regions with the significance of p greater than 0.05 using the Student t test 



Changing NHx / TIN Ratio 

The NHx (wet + dry) ratio over the TIN in 1990  (left), 2010 (right), and the trends (middle). The values 
shown in the middle are with the significance of p less than 0.05.  Red colors means NHx dominates region.  

 Larger regions (24% of total grid cells in 1990, and 61% of total in 2010) are 
shifting from TNO3–dominated to NHX–dominated, consistent with Li et al. (2016) 
 

 The fraction of NHx has increased significantly over the past 20 yrs (middle),  as a 
result of NOx emission decrease and NH3 increases.  
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U.S. Total TNO3 vs. NHX 
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Oxidized N Dep Reduced N Dep

 U.S. oxidized nitrogen deposition (TNO3) is decreasing, and reduced nitrogen 
deposition (NHX) is increasing 

 The total U.S. N-deposition shifts to ammonium-dominated after 2003 



Dry deposition trends (TNO3 + NHx) 

 Dry deposition decreases in the East and CA, increases in NC, MN, SD and IA.  
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Grey areas in the right panel show regions with the significance of p greater than 0.05 using the Student t test 



Wet deposition trends (TNO3 + NHx) 

 Wet deposition decreases all over the domain 
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Grey areas in the right panel show regions with the significance of p greater than 0.05 using the Student t test 



Dry deposition fractions trends 

The ratio of dry deposition (TNO3 + NHX) over the TIN in 1990  (left), 2010 (right), and the trends (middle). 
The values shown in the middle are with the significance of p less than 0.05.  Red colors means DD 
dominates.  

 More than 80% of U.S. areas are dominated by dry deposition for all the years 
 

 The fractions of dry deposition over the TIN were also increasing during the past 2 
decades 
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U.S. Total Dry vs. Wet deposition 
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 Dry deposition dominates the total deposition in U.S. all the time 
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Nitrogen Deposition Effects on Ecosystem 
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 General response of species richness to N deposition across different vegetation 
types, soil conditions, and climate variables for 15,136 observation sites, including 
forest, woodland, shrubland and grassland.  
 

 Derived the latest critical load (CL) for those observation sites 



Total N Deposition Evaluation 
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 Very good agreement between our 
modeled N deposition with Simkin 
et al., 2016 with R larger than 0.9, 
and NMB around -3%.  

Total depositions in Simkin et al., 2016 are from 27 yrs 
NADP Wet Dep. + (2002-2011) CMAQ Dry Dep. 

kg N/ha/yr 
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Critical Load Exceedance by Canopy Types 
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 For all the canopy types, the fraction of the total sites with CL exceedances 
increases till 1998, and then decrease.  

 The changes in the closed canopy seems to dominate the total changes, and the 
exceedances in the open canopy seems to not change at all. 

Exceedance= Total Deposition – mean CL 



Critical Load Exceedance Spatially and Temporally 
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 No exceedance at all in Western U.S. (west of 110°W) from 1990 to 2010 for the 
3940 observation sites 

 The number of sites exceeding the CL are decreasing in the East (31% of total in 
1990, and 9% of total in 2010), as the total deposition is decreasing at these sites 

Blue color means the total deposition is below the CL at the site, and red color means there is CL exceedance. 



Critical Load Exceedance Spatially and Temporally 
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 The fractions for the sites with total deposition below the CL, decreasing in 
Eastern U.S.  

 The fractions for the sites with CL exceedances not decreasing 

Fractions = (total N deposition)/ (critical load) in East U.S. 
   Sites with total deposition below the CL              Sites with CL exceedances 



Conclusion 

• The coupled WRF-CMAQ model can predict the wet nitrogen 
deposition and its trends very well, compared with the NADP network 

• The total deposition are decreasing in most of U.S. as a result of the 
NOx reductions, except for some states (NC, IA, MN, SD)  

• The nitrogen deposition in U.S. are transitioning from nitrate-
dominated into ammonium-dominated 

• Dry deposition has a larger influence on the total deposition in U.S.  

• In general, the exceedances of the critical loads in U.S. sites are 
decreasing, especially in the Eastern U.S.  
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• Disclaimer. Although this work was reviewed by EPA and approved for 
publication, it may not necessarily reflect official agency policy.  
 

• Acknowledgements. Yuqiang Zhang holds ORISE Postdoctoral fellowship at U.S. 
EPA.  
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Thank you very much! 



• Extra slides 

23 



CL exceedance spatially and temporally 
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 The total deposition decreases in east, while not clear for the west. 



The fraction of the total deposition over the critical load for the sites in West U.S 
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