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Penn State: Kevin Horner, Jeremy Harper, Mike Brown, Dave 
DeWalle, Jim Lynch

National Atmospheric Deposition Program: David Gay, Martin 
Risch, Bob Brunette.

Thanks to many collaborators

Monitoring Atmospheric Deposition 
– Acidic Deposition (N & S)
– Mercury Deposition (Hg)

– Other constituents

– background, monitoring program, and research synergies

Outline

• Emissions can be transported for short or long distances (e.g., 
up to hundreds of miles) before being deposited.

• Wet deposition (in rain & snow); Dry deposition (in gases, 
particles & dry fallout)

Atmospheric Deposition
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Acidic Deposition

acidic deposition

As f (emissions), the 
atmosphere contains 
higher-than-normal 
amounts of nitric acids 
& sulfuric acids

• SO2 and NOx emissions 
yield formation of 
strong acids H2SO4 and 
HNO3 in air

• This in turn leads to wet 
& dry deposition of 
SO4

2-, NO3
-, & H+

Info source: US.gov/acidrain/

• Declines in emissions (& deposition)  
have occurred since 1990, resulting from 
the acid rain program established by 
Title IV of the Clean Air Act 
Amendments & other programs

US EPA emissions reduction policies:

Source: EPA CAMD 2014

acidic deposition Reductions in NOx and SOx emissions as f (policy)

Annual emissions from sources 1990-2012

NOx
national

NOx
PA

SOx
national

SOx
PA

Source: EPA CAMD 2014
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National Atmospheric Deposition Program 
… a collaborative effort!

National 
monitoring 

networks of wet 
deposition 

(NADP/NTN) and 
dry deposition 
(CASTNET).  

http://nadp.sws.uiuc.edu/

The NTN is the only network providing a long-term record of 
precipitation chemistry across the United States.
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Progress in wet deposition f (policy)

Pennsylvania atmospheric deposition monitoring network

Base “acid rain” sites – measure NH4, NO3, SO4, pH, Ca, Mg, K, Na, Cl 

Data are available from the National Atmospheric Deposition 
Program, National Trends Network, http://nadp.sws.uiuc.edu/ntn/

Wet Deposition Flux = Concentration x Volume 

Precipitation Volume
– Precipitation collectors

Concentration
– Wet/Dry collectors
– Collected away from vegetation, in open clearing
– Closed when there is no precipitation

Samplers at Leading Ridge,PA
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National Trends Network main:  http://nadp.sws.uiuc.edu/data/NTN/
(site PA42)

Monitoring data are available from the 
National Atmospheric Deposition Program

Changes in pH in precipitation since 1990

pH in 
precipitation in 

central PA

1990 pH: 4.24
2014 pH: 4.90

pH

In response to emissions reductions programs, 
some atmospheric chemical recovery in pH has 
been observed throughout the Northeast.

pH
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Measuring trends in precipitation & its solute concentrations
in central Pennsylvania

sulfate nitrate

hydrogenprecipitation

Measuring trends in precipitation & atmospheric deposition
in central Pennsylvania

sulfate nitrate

hydrogenprecipitation

• Soils: S and N enrichment; 
nutrient cation (Ca2+, Mg2+) 

depletion; Al mobilization
• Stream water quality: 

Acidification of lakes and 
streams (lowering pH levels, 
decreasing acid-neutralizing 
capacity, increasing aluminum 
concentrations). 

• Aquatic life: has reduced 
species diversity and abundance 
of fish & other aquatic life in 
many waters.

Ecological effects

Trends in water quality at EPA acid-sensitive
reference sites, 1990-2013

Stream responses in region
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Have acid-impaired forested streams in PA shown recovery 
in water quality after decades of acidic emissions reductions?

• Acid deposition declines have produced environmental benefits:
– Streamwater chemistry in poorly-buffered watersheds has improved.  

Partial chemical recovery: ↑pH, ↓ SO4, ↓ Al

• But, acid-sensitive streams (e.g., Stone Run and Roberts Run) 
are still greatly affected by acidic atmospheric deposition.
– ANC has not recovered; related to depletion of base cations in soils at 

the same time as changes in N and S.
– Most stream reaches in the watershed are still considered to be 

chronically acidic.
– Stream conditions still unfavorable for biological recovery.

Stream responses in PA

Mercury Deposition

Source:  Driscoll et al., 
Mercury Matters, 
HBRF 2006

• Atmospheric emissions & deposition is dominant source of Hg to watersheds
• Deposited can be converted to MeHg in the watershed  - a form more readily 

absorbed by people and animals that bioaccumulates in food chain

Atmospheric Mercury Inputs to Ecosystems

Source: EPA report on the environment 2011

Mercury Emissions in the USA

• Mercury emissions come from a variety of sources (1990-2001 
from EPA eROE below, emissions in tons/yr)

• But mostly from coal-fired power plants, in recent decades



7

• Mercury emissions 
come from a 
variety of sources

• But mostly from 
coal-fired power 
plants, in recent 
decades

• Mercury emissions 
mostly in the 
eastern USA

• PA is a hotspot of 
Hg emissions

From Schmeltz et al. 2011

Mercury emissions in the USA

• EPRI modeled atmospheric 
wet+dry mercury deposition 

for 2004.

Mercury Deposition in USA

% contribution from U.S. 
anthropogenic sources 

to annual mercury
deposition for 2005. 

Source: Selin & Jacob 2008

Total

Wet

Dry

Mercury Deposition in USA

Smith et al. 2013

Mercury Accumulation in Soils of USA
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ID Site Started
PA00 Arendtsville Nov-00
PA13 Allegheny Portage NHS Jan-97
PA21 Goddard State Park Mar-10
PA29 Kane Experimental Forest Jun-10
PA30 Erie Jun-00
PA37 Waynesburg May-99
PA42 Leading Ridge watershed Mar-10
PA47 Millersville Nov-02
PA52 Little Pine State Park Jul-07
PA60 Valley Forge Nov-99
PA72 Milford Sep-00

Monitoring mercury in precipitation & wet deposition

weekly observations are available from
National Atmospheric Deposition Program
Mercury Deposition Network

Precipitation & wet/dry 
Samplers @ Leading Ridge

@ Goddard
N-CON mercury sampler

Mercury in wet deposition

wet atmospheric mercury: concentration trends
Site # years % per year p value
pa00 arendsville 11 -3.12 0.0098
pa13 allegheny portage 15 -2.78 0.0001
pa30 erie 11 -1.94 0.0218
pa37 holbrook 8 -3.74 0.0018
pa47 millersville 10 -1.71 0.0876
pa60 valley forge 12 -3.15 0.0119
pa72 milford 11 -4.58 0.0004
pa90 hills creek 15 -2.29 0.0001

• Applied a standard seasonal linear trend model, 

• Statistically significant decreases in concentrations of Hg in precipitation are 
observed at most of the PA monitoring sites

• Suggests progress due to Hg emissions reductions.

Mercury trends in precipitation concentrations

• Though precipitation Hg concentrations 
declined significantly, there are not 

statistically-significant changes in overall wet 
Hg deposition, given that it is driven to a large 

degree by precipitation rates:

• Example from PA00 at Arendtsville (→)

wet atmospheric mercury: deposition trends
Site # years % per year p value
pa00 arendsville 11 -0.25 0.865
pa13 allegheny portage 15 -0.91 0.2545
pa30 erie 11 -0.14 0.9274
pa37 holbrook 8 -1.19 0.5428
pa47 millersville 10 -3.93 0.0159
pa60 valley forge 12 -1.58 0.248
pa72 milford 11 -0.4 0.8039
pa90 hills creek 15 -0.2 0.7278

Annual wet Hg deposition

Annual precipitation

Mercury trends in wet deposition
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• Inferential modeling
• Litterfall / throughfall methods
• Passive samplers

Mercury in dry deposition ?

Water  Bodies Impaired
• Exposure through the aquatic food web is largely from fish consumption
• 2010 USEPA advisories warning against fish consumption
• 81% of all advisories issued because of Hg
Health Standards
• US FDA health criterion of 0.3 ppm in fish fillets
• EPA maximum contaminant level for drinking water 0.002 mg/L or 2 ppm
• Fish eating wildlife threshold ecological effect 180 ng/g

• Humans
– Neurological & 

reproductive

• Animals
– Reproductive, behavioral, & 

physical alterations

Effects on Human Health & Aquatic Life

w/ grad 
student 
Dan 
Lawler

Mercury accumulation in depressional wetlands of PA Mercury accumulation in depressional wetlands of PA
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Hg and soil 
organic carbon 

are tightly linked

Mercury accumulation in depressional wetlands of PA

• 36 forested streams of PA

•New inputs primarily by 
atmospheric Deposition

• Sampled streams, 
mosses, sediments @ 
baseflow

• Fish tissues @ 7 sites

Mercury in forest watersheds

w/ grad student Chris Grant

Hg
stream water 

<<
stream sediments 

<
brook trout 

< 
aquatic mosses

Mercury in forest streams

Concentrations 
of Hg in 

streams were 
low and did not 

exceed 
guidelines for 

human 
consumption.

Additional Uses of Deposition 
Monitoring Network
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Church et al. (1990)

Trace Element (other than Hg) Pilot Studies

• State & national deposition monitoring networks provide an 
infrequently needed capability for detecting and monitoring 
fallout from unexpected atmospheric releases

• National atmospheric deposition program (NADP) precipitation 
samples have been used twice to measure radioactive fallout 
after catastrophic nuclear accidents  
• Chernobyl reactor failure in 1986 in Ukraine
• Fukshima incident after earthquake/tsunami in 2011 in 

Japan

• Info & data from Fukshima study available at:  
http://nadp.sws.uiuc.edu/fukushima/

Unexpected Fallout Studies

• Primary radioactive products of uranium fission released during nuclear incidents 
(Iodine -131, Cesium-134, and Cesium-137) were measured in precipitation 
samples after the Fukushima nuclear power plant incident in March 2011. 

• Detectable quantities in samples from 21% of the 167 tested locations. The 
amounts were minimal; well below any level of public health concern.   

• These constituents were not detected in samples from precipitation monitoring 
periods prior to the arrival of contaminated air in USA.

Unexpected Fallout Studies • Detectable quantities of Iodine-131, Cesium-137, and Cesium-134 were 
observed at 21% of the 167 tested locations. Mostly along the West 
Coast, in the Rocky Mountain States and the eastern United States where 
precipitation fell most heavily in the weeks after the Fukushima.

• The amounts were minimal; well below any level of public health 
concern. Dot size represents relative deposition amounts. 

• These constituents were not detected in samples from precipitation 
monitoring periods prior to the arrival of contaminated air in USA.

Sites where 137Cs in precipitation 
samples were detected.
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• Long term monitoring of atmospheric deposition provides a 
scientific basis for policy makers and regulators, for evaluating 
the benefits and effectiveness of changes in emissions.

• Emissions and deposition monitoring data are widely used by 
scientists to consider effects on health, wildlife, vegetation, soils, 
water quality, etc.

• The rate and extent of environmental benefits and ecosystem 
recovery from atmospheric deposition are related to the timing 
and degree of atmospheric emissions reductions.

Conclusions Questions

Elizabeth W. Boyer
Email: ewb100@psu.edu


