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Aqueous Phase Chemistry: Aqueous Phase Chemistry: 
Sulfate-Ammonia

1. Sulfuric Acid: H2SO4 NH4/SO4 = 0.00
2. Ammonium Bisulfate:(NH4)HSO4 NH4/SO4 = 0.50
3. Letovicite: (NH4)3H(SO4)2 NH4/SO4 = 0.75
4. Ammonium Sulfate: (NH4)2SO4 NH4/SO4 = 1.00
5. “Ammonia Rich” NH4/SO4 > 1.00

Seinfeld and Pandis, 1998

These species have different physical properties 
that affect long-range transport in the atmosphere

Considering a system containing only sulfate and 
ammonia, the following species are formed in 
transition:



Impacts of Ammonia-Rich 
Environment

• (NH4)2SO4 is most stable form of ammonia 
and can transport long distances
– SO4

2- will react with all available NH4
+. 

– NH4
+ in excess of that required to neutralize 

SO4
2- is available to react with other species, 

such as NO3
- to form NH4NO3. 

– NH4NO3 is a labile species that will partition 
between gas and aqueous phases and can 
deposit locally

– NH3/NH4
+ in excess of that required to neutralize 

acidic species is soluble and can deposit locally

Seinfeld and Pandis, 1998



Ammonium/Sulfate Ratio, 1984-1986

H2SO4 (NH4)HSO4

(NH4)HSO4 (NH4)3H(SO4)2

(NH4)3H(SO4)2(NH4)2SO4

Ammonia Rich



Ammonium/Sulfate Ratio, 2002-2004

H2SO4 (NH4)HSO4

(NH4)HSO4 (NH4)3H(SO4)2

(NH4)3H(SO4)2(NH4)2SO4

Ammonia Rich



Ammonium to Sulfate Ratio in Precipitation
1985

2004

H2SO4 ⇌ (NH4)HSO4

(NH4)HSO4 ⇌ (NH4)3H(SO4)2

(NH4)3H(SO4)2⇌(NH4)2SO4

Ammonia Rich



Ammonium to Sulfate plus Nitrate 
Ratio in Precipitation1985

2004



First Year where Ammonium 
Exceeds Sulfate in Precipitation



Sulfate, Ammonium & Nitrate Reactions

Transport Distance

NH4
+ HSO4

-+ ⇌ NH4
+ HSO4

-
[NH4

+ eq.]
[SO4

2- eq.] = 0.50

⇌NH4
+ NH4

++ HSO4
-+ NH4

+ HSO4
- NH4

+ HSO4
-NH4

+ NH4
+ SO4

= [NH4
+ eq.]

[SO4
2- eq.] = 0.75

NH4
+NH4

+ + ⇌ 2HSO4
- NH4

+ NH4
+ SO4

=NH4
+ NH4

+ SO4
= [NH4

+ eq.]
[SO4

2- eq.] = 1.00

[NH4
+ eq.]  

[SO4
2- eq.] < 1.0

[NH4
+ eq.]  

[SO4
2- eq.] > 1.0 [NH4

+ eq.]           
[SO4

2- eq.] + [NO3
- eq.] < 1.0 

NH3,g HNO3,g+ ⇌ NH4 NO3

[NH4
+ eq.]           

[SO4
2- eq.] + [NO3

- eq.] > 1.0 NH3,g

Seinfeld and Pandis, 1998



Sulfate, Ammonium & Nitrate Reactions
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Finalayson-Pitts & Pitts, 2000

RHdel. = 39%

RHdel. = 69%

RHdel. = 80%

RHdel. = 62%



Ammonium / Sulfate Ratio in Precipitation
Teller County, CO (CO21)



Ammonium / (Sulfate + Nitrate) Ratio in Precipitation
Logan, UT (UT01)





How do trends in wet 
deposition compare to trends 

in emissions?



Trends in US Emissions

Source: U.S. EPA

SO2 NOx



Evaluating Trends in Real Data



Concentrations in Precipitation at Bondville, IL

 Seasonal Kendall Trend Test

LOcally-weighted regrESSion (LOESS) of Raw Data
180-day window
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Sulfate Concentration vs. Precipitation Amount at 
Bondville, IL: 2000-2002
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Kendall Trend Test

Time
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• Non-parametric test of monotonic trend
• Stepwise evaluation increasing/decreasing trend
• Insensitive to missing values, outliers



Sen’s Median Estimator
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• Non-parametric estimate of trend magnitude
• Median of slopes between all points
• Insensitive to missing values, outliers





Trends in Sulfur Dioxide

U.S. EPA, National Air Quality and Emissions Trends Report, 2003



Trends in Nitrogen Dioxide

U.S. EPA, National Air Quality and Emissions Trends Report, 2003



Evaluating Trends in NADP-NTN Data
• Data from 151 sites, operational between 

1985-2009 (~210,000 weekly data sets)
• Precipitation-weighted mean seasonal 

averages
• Seasonal Kendall Trend Test

– Null Hypotheses:
• Trend is zero (no trend)
• Trends are homogeneous (same in every season)

– Significance Level
• p ≤ 0.1 for trend significance
• p > 0.1 for homogeneity

– Trend magnitude by Sen's Median Estimator



Sulfate Trend in Precipitation
1985-2009

INCREASING
Trend

DECREASING
Trend

Number of 
Sites

Number 
Significant

Number of Sites Number 
Significant

2 0 149 144

Trends
Emissions Concentration

-51%        -58%



Eastern
Sites

All
Sites

Western
Sites

-100

-80

-60

-40

-20

0

20

40

60

80

100

Tr
en

d
, %

-100

-80

-60

-40

-20

0

20

40

60

80

100

Tr
en

d
, %

Sulfate Concentration Sulfate Deposition

Eastern
Sites

All
Sites

W estern
SitesEastern

Sites
Western

Sites
All

Sites
Eastern

Sites
Western

Sites
All

Sites

-100

-80

-60

-40

-20

0

20

40

60

80

100

Tr
en

d
, %

Precipitation

Eastern
Sites

All
Sites

W estern
SitesEastern

Sites
Western

Sites
All

Sites

SO2 Emissions Reductions



INCREASING
Trend

DECREASING
Trend

Number of 
Sites

Number 
Significant

Number of Sites Number 
Significant

29 9 122 92

Nitrate Trend in Precipitation
1985-2009

Trends
Emissions Concentration

-37% -22%
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For trend analysis method, 
details see:

http://nadp.isws.illinois.edu/dl/
clehmann/trends/



How do trends in emissions 
compare to trends in air 

quality and wet/dry 
deposition?



National Atmospheric Deposition 
Program (NADP) Stations

Not Shown:
Argentina (NTN)
Taiwan (AMNet)



Clean Air Status and Trends Network (CASTNET)

80 Sites
Began Operations in 1987



NTN NV05
Great Basin National Park

CASTNET CTH110
Connecticut Hill, NY

WET DEPOSITION DRY DEPOSITION



CASTNET Filter Pack

Images provided by U.S. 
EPA's Clean Air Status and 
Trends Network



CASTNET Filter Pack

Images provided by Clean Air Status and Trends Network (U.S. EPA)

Clean Air Status & Trends
Network (CASTNET)

• Weekly 3-stage filter pack samples
– Teflon filter: particulate sulfate and nitrate
– Nylon filter: nitric acid, sulfur dioxide
– Impregnated cellulose: sulfur dioxide



Total Sulfur Deposition at NADP-CASTNET 
Sites, 2001



Total Inorganic Nitrogen Deposition at 
NADP-CASTNET Sites, 2008



Sulfur Dioxide, Particulate Sulfate, and Precipitation Sulfate
Tucker County, WV (WV18)

LOESS of Raw Data
180-day window



Ammonium, Nitrate, and Nitric Acid Concentrations
Bondville, IL (IL11)

LOESS of Raw Data
180-day window



Ammonium vs. Sulfate Trends
Bondville, IL



Ammonia vs. Ammonium Concentrations
Bondville, IL

LOESS of Raw Data
180-day window



Comparing Trends in 
Wet and Dry Deposition

• Data from 19 collocated (< 10 km) wet and dry 
deposition monitoring sites, 1990 to 2004

• Wet deposition from precipitation concentrations 
(NADP/NTN)
– Ammonium, sulfate, nitrate

• Dry deposition from gas and particulate 
concentrations (CASTNET)
– Particulate ammonium, sulfate, and nitrate
– Gas phase sulfur dioxide and nitric acid



Collocated Sites Evaluated



Precipitation Sulfate 
Concentration Trend

Particulate Sulfate 
Concentration Trend

All sites decreasing trend
10 significant

Median change = -28%

All sites decreasing trend
15 significant

Median change = -38%

NADP/NTN CASTNET



All sites decreasing trend
10 significant

Median change = -28%

All sites decreasing trend
16 significant

Median change = -50%

Gas Phase 
Sulfur Dioxide Trend

NADP/NTN CASTNET

Precipitation Sulfate 
Concentration Trend



10 down / 6 up
4 significant down / 0 up
Median change = -9%

8 down / 8 up
5 significant down / 4 up
Median change = -1%

Precipitation Nitrate 
Concentration Trend

Particulate Nitrate 
Concentration Trend

NADP/NTN CASTNET



Precipitation Ammonium
Concentration Trend

Particulate Ammonium
Concentration Trend

CASTNETNADP/NTN



Why Wet-Only Deposition?

WET-ONLY 
COLLECTOR

BULK DEPOSITION 
COLLECTOR



BULK DEPOSITION 
COLLECTOR

Can’t we just measure 
bulk deposition to 
measure total 
deposition?

TOTAL = WET + DRY



BULK DEPOSITION 
COLLECTOR

UNKNOWS:
• Capture efficiency of 

surrogate surface?
• Reemission/volatiliza-

tion of pollutants?



BULK DEPOSITION 
COLLECTOR

UNKNOWS:
• Capture efficiency of 

surrogate surface?
• Reemission/volatilizati

on of pollutants?
• Gas capture and 

partitioning in water 
surface?

• Evaporation?



WET-ONLY 
COLLECTOR

BULK DEPOSITION 
COLLECTOR

Pollutant Concentration:
Cpollutant, air

Deposition Velocity:
Vd

Cpollutant, air × Vd

Cpollutant, air × Vd

?

?



Some Remarks about Passive 
Air Samplers



Good Practices for Passive Air 
Samplers

• Must run blanks (laboratory and travel)
• Triplicate samples are best to assess 

variability
• Should compare passive measurements 

with a reference method (e.g., denuder, or 
a continuous analyzer)



Plastic
Container

Glass
Container
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Bondville, Illinois
• Triplicate Denuders
• Triplicate Radiello Samplers



Radiello ALPHA                  Ogawa

CHAMBER STUDY PRELIMINARY DATA
(Please do not cite)





Nitrogen Dioxide Concentration



Sulfur Dioxide Concentration
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Trajectory Analysis Examples



Back Trajectories – Daily Ammonia Gas Events



Back Trajectories – Precipitation Events





GIS Analysis





For more information….For more information….

http://http://nadp.isws.illinois.edunadp.isws.illinois.edu
clehmann@illinois.educlehmann@illinois.edu


