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� Assessed the global distribution of precipitation composition and deposition of major ions.
� Produced a global data set of quality assured wet deposition monitoring data for 2000e2002 and 2005e2007.
� Generated global wet deposition maps of major ions combining measurement and modeling results.
� Established that sulfur and nitrogen wet deposition is highest in parts of Asia, Europe and eastern North America.
� Determined that major gaps in wet and dry deposition monitoring exist globally.
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A global assessment of precipitation chemistry and deposition has been carried out under the direction
of the World Meteorological Organization (WMO) Global Atmosphere Watch (GAW) Scientific Advisory
Group for Precipitation Chemistry (SAG-PC). The assessment addressed three questions: (1) what do
measurements and model estimates of precipitation chemistry and wet, dry and total deposition of
sulfur, nitrogen, sea salt, base cations, organic acids, acidity, and phosphorus show globally and
regionally? (2) has the wet deposition of major ions changed since 2000 (and, where information and
data are available, since 1990) and (3) what are the major gaps and uncertainties in our knowledge? To
that end, regionally-representative measurements for two 3-year-averaging periods, 2000e2002 and
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2005e2007, were compiled worldwide. Data from the 2000e2002 averaging period were combined
with 2001 ensemble-mean modeling results from 21 global chemical transport models produced in
Phase 1 of the Coordinated Model Studies Activities of the Task Force on Hemispheric Transport of Air
Pollution (TF HTAP). The measurement data and modeling results were used to generate global and
regional maps of major ion concentrations in precipitation and deposition. A major product of the
assessment is a database of quality assured ion concentration and wet deposition data gathered from
regional and national monitoring networks. The database is available for download from the World Data
Centre for Precipitation Chemistry (http://wdcpc.org/). The assessment concludes that global concen-
trations and deposition of sulfur and nitrogen are reasonably well characterized with levels generally
highest near emission sources and more than an order of magnitude lower in areas largely free of
anthropogenic influences. In many parts of the world, wet deposition of reduced nitrogen exceeds that of
oxidized nitrogen and is increasing. Sulfur and nitrogen concentrations and deposition in North America
and Europe have declined significantly in line with emission reduction policies. Major regions of the
world, including South America, the more remote areas of North America, much of Asia, Africa, Oceania,
polar regions, and all of the oceans, are inadequately sampled for all of the major ions in wet and dry
deposition, and particularly so for phosphorus, organic forms of nitrogen, and weak acids including
carbonates and organic acids. Measurement-based inferential estimates of dry deposition are limited to
sulfur and some nitrogen in only a few regions of the world and methods are highly uncertain. The
assessment concludes with recommendations to address major gaps and uncertainties in global ion
concentration and deposition measurements.

Crown Copyright � 2013 Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
1. Introduction

The World Meteorological Organization (WMO) states that ob-
servations of the chemical composition and physical characteristics
of the atmosphere on global and regional scales are required to
provide the scientific community with the means to predict future
atmospheric states, and to contribute to scientific assessments in
order to inform environmental policy (WMO/GAW, 2007). Under
the auspices of theWMOGlobal AtmosphereWatch, and using data
from inside and outside the WMO system, this assessment was
produced as an important contribution to precipitation chemistry
science. It was meant to provide the science and policy commu-
nities with the best available information on atmospheric deposi-
tion of major ions. It is based on the complementary merging of
precipitation chemistry measurements, measurement-inferred dry
deposition estimates, and global modeling results.

The assessment contributes to global understanding of many
major contemporary environmental issues, e.g., air pollution, at-
mospheric chemistry, acidification and eutrophication of ecosys-
tems, and climate change. These issues are of increasing
importance as growing populations strive to ensure food and en-
ergy security while encouraging economic growth. Recent reviews
demonstrate this point. For example, in order to evaluate anthro-
pogenic nitrogen (N) inputs to the global N cycle, Galloway et al.
(2004) constructed global N budgets for the past 150 years and
projected the global N budget for 2050. They concluded that global
and regional N budgets have been increasingly influenced by
anthropogenic activities and estimated that global atmospheric
nitrogen emissions (NOx and NH3) increased from 23 Tg N a�1 in
1860 to 93 Tg N a-1 in the early 1990s to 189 Tg N a�1 in 2050.
Dentener et al. (2006) noted that 11% of the world’s natural
vegetation now receives N deposition in excess of the “critical
load’’ threshold of 1000mg Nm�2 a�1. Most affected are the United
States, western Europe, eastern Europe, South Asia, East Asia,
Southeast Asia, and Japan. Howarth (2008) reviewed sources and
trends of global and regional coastal N pollution noting that at-
mospheric and riverine fluxes have increased by 10e15-fold or
more and that over half of the synthetic N fertilizer ever produced
has been used in the past 15 years. Examining evidence for N
deposition effects on terrestrial plants, Bobbink et al. (2010) eval-
uated the N deposition thresholds for protecting plant diversity
across ecosystems ranging from Arctic and boreal systems to
tropical forests. Doney (2010) concluded that climate change, rising
atmospheric carbon dioxide concentrations, excess nutrient inputs,
and pollution in its many forms are fundamentally altering the
chemistry of near-shore coastal waters and the open oceans. This is
occurring on a global scale and, in some cases, at rates greatly
exceeding those in the historical and recent geological record. The
results challenge the science community to provide more defini-
tive assessments of the implications for ocean life and marine re-
sources. Monks et al. (2009) addressed air quality issues by
examining both anthropogenic and natural emissions. They dis-
cussed recent findings in an effort to quantify the impact of long-
range transport on regional air quality and to discuss the result-
ing challenges for air quality and climate change policies. Fowler
et al. (2009) focused on the exchange of trace gases and aerosols
between the atmosphere and the earth’s surface. They reported
evidence that trace atmospheric constituents are changing the
earth’s climate (IPCC, 2007), global biodiversity (Powledge, 2006)
and the biogeochemical cycling of major nutrients including ni-
trogen, carbon, and sulfur. They also identified important current
and emerging policy needs and the need for appropriate data to
address research questions in the coming decade. Laj et al. (2009)
noted that the key to the design of effective climate and air quality
policies requires knowing and understanding past and present
atmospheric composition and changes therein. The authors
recommend state-of-the-art atmospheric modeling and the
establishment of long-term global and regional atmospheric ob-
servations to understand and quantify current conditions. Finally,
regional assessments have been generated in Canada
(Environment Canada, 2005), Europe (Lövblad et al., 2004; Tørseth
et al., 2012), East Asia (EANET, 2006, 2011), the United States
(NAPAP, 2005, 2011) and North America (IJC, 2012). These assess-
ments were initiated to inform policy and regulatory applications
and support the need for robust data collection of ion deposition
data globally and the use of these data by the modeling
community.

In 1995, the first global precipitation chemistry assessment was
released as a World Meteorological Organization publication
(Whelpdale and Kaiser, 1996). The assessment provided a critical
review of worldwide acidic atmospheric deposition. The report
examined the magnitude, geographical distribution, and temporal
changes of acidic deposition in all regions of the globe for which
data were available. Although data in many regions were limited,
the report provided a scientifically sound analysis of the acidic
deposition phenomenon and contributed to its understanding. This
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first assessment formed the basis for additional national and in-
ternational initiatives designed to understand and reduce the
adverse effects of acidic deposition.

The first assessment concluded that, although most of the
physical and chemical processes that control acidic depositionwere
well understood, emission and depositionwere only measured and
quantified adequately in Europe and North America. It was clear
that on a global scale anthropogenic emissions of SO2 and NOx

equaled or exceeded natural emissions and that measured wet and
estimated dry deposition were generally of comparable magnitude
in many regions. In most regions, sulfate was the dominant
contributor to acidic deposition, although nitrate was also impor-
tant in many areas. Organic acids were found to be important
contributors in the southern hemisphere, but overall were poorly
quantified. Sulfur deposition had significantly declined in North
America and Europe due to emission reductions in the early 1990s.
In sensitive areas of the developing world, deposition levels
equaled or exceeded those that had caused damage in the indus-
trialized world. Finally, the assessment concluded that the global
database was inadequate to evaluate the extent, severity, and
impact of acidic deposition in all parts of the world.

This second assessment presents a global overview of world-
wide deposition by using quality assured measurements to com-
plement and validate the best available global models. The
assessment benefits from a more extensive yet still severely
incomplete global database. To the extent possible, data quality was
assessed and screened against guidelines established by WMO/
GAW (2004), a key contribution toward harmonizing global wet
deposition network measurements. This assessment focuses on
regionally-representative chemical concentrations and deposition
measurements; thus, urban data or data otherwise representative
of very limited areas are not included. Unlike the first assessment,
this assessment combines measurements with the ensemble-mean
modeling results of 21 Eulerian (fixed grid) global models used to
simulate chemical fate and transport in the atmosphere (Dentener
et al., 2006). This approach improves geographical coverage where
measurements of acceptable quality are sparse or lacking, thereby
providing a more complete global picture.

Precipitation chemistry and deposition measurements were
obtained from regional and national monitoring networks and
were carefully screened to ensure the highest quality possible.
Model results were contributed by the Task Force on Hemispheric
Transport of Atmospheric Pollutants (TF HTAP) under the United
Nations Economic Commission for Europe (UNECE) Convention on
Long-Range Transboundary Air Pollution (CLRTAP) and are pre-
sented in detail in HTAP (2010), available electronically at www.
htap.org. Measurement-model comparison results are presented
to show the suitability and value of combining the models with
high quality monitoring data for obtaining a global overview of
precipitation chemistry and deposition. However, this assessment
is not intended to be a comprehensive model evaluation.

Using the combinedmeasurement-modeling approach, wet, dry
and total deposition are assessed at the global scale for the period
2000e2007. Here, wet deposition is defined as the flux of a
chemical compound to the earth’s surface by precipitation (in
whatever form falls into the collector), dry deposition as the flux of
trace gases and particles via turbulent exchange and gravitational
settling followed by interaction with exposed surfaces (NAPAP and
Irving, 1990), and ‘total’ deposition as the sum of the two. Mea-
surements of dry deposition are much sparser thanwet deposition,
and dry deposition estimates are limited and complicated by the
fact that different methodologies are employed in different parts of
the world. The term ‘total deposition’ has been defined here as the
sum of wet plus inferred dry deposition of known compounds. This
has been donewith full recognition that all of the relevant chemical
compoundsmay not be included. Largely due to the scarcity of data,
this assessment does not attempt to address deposition from fog,
clouds, and dust storms, despite their potential localized impor-
tance, particularly in mountainous and marine areas (e.g., Fowler,
et al., 1993). This assessment also does not address the wet and
dry deposition of organic nitrogen due to the lack of network
measurements. Cape et al. (2011) noted that while organic nitrogen
may account for about 30% of total airborne nitrogen, it is chemi-
cally complex with a composition that has not yet been fully
described and that varies in time and space.

This assessment addresses three key questions:

1. What do measurements and model estimates of precipitation
chemistry and wet, dry and total deposition of sulfur, nitrogen,
sea salt, base cations, organic acids, acidity (pH), and phos-
phorus show globally and regionally?

2. How has wet and dry deposition of major ions changed since
2000 and, where information and data are available, since 1990
as a result of changing precursor anthropogenic emissions?

3. What are the major gaps and uncertainties in our knowledge?

The assessment presents results for the following regions: North
America, South America, Europe (west of the Ural Mountains), Af-
rica, Asia (east of the Ural Mountains plus southern and south-
western Asia), Oceania, and the oceans. In the process of answering
the key science questions, additional issues were raised for
consideration within each of the regions:

� What is the contribution of sea salt to precipitation chemistry?
� What is the relative importance of wet versus dry deposition?

The assessment begins with a description of the data and
modeling sources and methods used to generate the maps, results
and conclusions. This is followed by a discussion of each of the
major ions listed in the first key science question above, describing
their emissions (or emissions of their precursors as appropriate),
their relative contributions to precipitation chemistry and deposi-
tion, and their spatial and temporal patterns on global and regional
scales. In regions wheremeasurements are especially sparse (South
America, Africa, Oceania, the polar regions and the oceans), model
simulations were used as the basis for discussion. In other regions
where sufficient measurements were available (East Asia, North
America and Europe) both measurement and model results are
presented. In each case, uncertainties and knowledge gaps are also
discussed with a view to improving the capacity to conduct future
assessments. Throughout the assessment, dry deposition was
included wherever possible.

Fig. 1.1 shows the spatial variability of the ion composition of
precipitation around the globe for the period 2005e2007. Each
vertical bar on the map shows the ion composition at a single site
deemed representative of most sites in the surrounding area. The
length of each bar, scaled by a constant plus a linear scaling factor,
indicates the total ion concentration averaged over the 3-year
period 2005e2007 (as annotated by the number in the center of
the bar in meq L�1). Major ions are shown in different colors, making
it clear where anthropogenic or sea salt influences are important e
as well asmaking obvious the areas of theworldwhere there are no
measurements. It is believed that the uncharacterized “other” an-
ions shown in white are associated with weak organic acids (pri-
marily formic and acetic acid) that are typically not measured and
are unstable in unpreserved samples. Only sites in west central
Africa provided organic acid and bicarbonate measurement data;
these values are shown on this map.

This assessment has relied upon national and regional moni-
toring methods and networks. It has culminated in the

http://www.htap.org
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Fig. 1.1. Contribution of individual ions in precipitation to total ion composition (the number at the centre of each bar in meq L�1) at selected regionally-representative sites. A
(constant plus linear) scaling factor was used to establish the length of the vertical bars. The white sections in the bars represent the calculated differences between the total anions
and total cations typically assumed to be non-measured carbonates. Sites represented by black circles show the 3-year average ion composition (2005e2007) with no measured
organic acid and bicarbonate data; pink circles show the 2005e2007 values that include measured organic acid and bicarbonate data; red triangles show data from outside of the
2005e2007 period. (Data can be obtained from the GAW World Data Centre for Precipitation Chemistry (http://wdcpc.org/).
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development of a dataset of high quality precipitation chemistry
measurements as determined by regional experts. The dataset is
publicly available at the GAW World Data Centre for Precipitation
Chemistry (http://wdcpc.org/).

2. Measurements, models and maps

As mentioned in the Introduction, the objective of this
assessment is to characterize the chemical composition of pre-
cipitation and deposition (wet, dry, total) for sulfur, nitrogen,
acidity, sea salt, mineral base cations, organic acids and phos-
phorus on global and regional scales. For these chemical species,
with the exception of organic acids and phosphorus, measurement
data were collected, screened and analyzed for two 3-year average
time periods: 2000e2002 and 2005e2007. The 2000e2002
period was chosen to represent the early part of the decade; the
2005e2007 period to represent more recent conditions. Differ-
ences between the two periods were calculated to assess changes
in deposition due to changing emissions. A global analysis of the
changes since 1990 is beyond the scope of the present effort;
however, it was possible to incorporate findings generated by
regional assessments in North America and Europe. The 3-year
averaging periods were selected to smooth the effects of inter-
annual meteorological variability on the deposition data. Note,
however, that one and two years of data were accepted at selected
sites having fewer than three years of data (see Section 2.1).
Organic acids and phosphorus deposition were assessed differ-
ently because so few data sets were available, making it necessary
to accept data from the mid-1990s to 2007 to provide a global
perspective.

This assessment involved the creation and analysis of global
(and regional) deposition maps using measurement data collected
during the two 3-year averaging periods. The maps are limited
spatially by the low density and, in some cases, complete lack of
measurement data in many parts of the world. To compensate for
such large data gaps, the 2000e2002 measurement data were
superimposed on the TF HTAP ensemble-mean modeling maps for
the meteorological year 2001 that were derived from a number of
global chemical transport models (see below for a discussion of the
modeling approach). Thus, the wet deposition maps in this
assessment consist of measurement-only and measurement-plus-
model maps for 2000e2002 and measurement-only maps for
2005e2007. Maps of dry deposition and total deposition are
model-based only e except for measurement-based total deposi-
tion presented for North America, Africa and Australia e due to the
lack of measurement data. The text below provides a description of
the sources and methods used to collect, analyze, map and inter-
pret the measurement and modeling results.

2.1. Wet deposition measurement data

Major ion precipitation chemistry and wet deposition mea-
surement data were collected from international, national and sub-
national long-term precipitation chemistry monitoring networks
and research studies. With the assessment’s focus on global and
regional deposition, data from only regionally-representative sites

http://wdcpc.org/
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Fig. 2.1. Global maps of precipitation monitoring stations for (a) 2000e2002 and (b) 2005e2007. Non-conforming sites (triangles) apply to sites/data outside the standard 3-yr
period.
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were accepted; data from urban, suburban and industrial sites were
excluded. Fig. 2.1 shows the wet deposition measurement sites and
networks/programs fromwhich the major ion data were collected,
screened and accepted. As mentioned earlier, because of the
paucity of measurements, phosphorus and organic acid data were
gathered separately from networks and published long-term
studies. Data from Global Atmosphere Watch (GAW) stations
were obtained from the regional measurement programs to which
they contributed, such as the European Monitoring and Evaluation
Programme (EMEP) and the Acid Deposition Monitoring Network
in East Asia (EANET), and from national networks such as the Ca-
nadian Air and Precipitation Monitoring Network (CAPMoN) and
the United States National Atmospheric Deposition Program
(NADP). The sources of major ion wet and dry deposition data
Fig. 2.2. Defined areas of the continents, oceans and coastal zones used to calculate the area
results. White lines delineate the coastal zones.
(including those not associated with major regional or national
networks), the respective numbers of sites and the web-based links
or citations, are listed in Table S1 (Addendum). A total of 533 wet
deposition sites were included.

Wet deposition, a key component of this assessment, is esti-
mated as the product of an ion or species concentration in pre-
cipitation times the precipitation depth (WMO/GAW, 2004). The
ion and species concentrations measured by these networks
include sulfate, nitrate, chloride, pH, sodium, potassium, calcium,
magnesium, and ammonium. Organic acids and phosphorus were
measured at a small subset of monitoring stations. Precipitation
depth was also measured. A number of other networks were
approached for data and chose not to contribute; thus, the data
used here set represents the best available at the time of writing. As
-integrated emission and deposition mass budgets from the ensemble mean modeling

mailto:Image of Fig. 2.1|tif
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a reference for later discussion of precipitation depth and its in-
fluence on wet deposition, global precipitation maps of precipita-
tion depth are included as Fig. S2a,b of the Addendum. It was
beyond the scope of this study to attempt to assess the precipita-
tion measurements by precipitation type (e.g., snow or rain), or to
establish whether the precipitation at a location was from
convective rainstorms, monsoons, tropical storms, or long periods
of low intensity precipitation.

All precipitation chemistry and wet deposition annual data in
this assessment were carefully screened. Screening was initially
carried out by each network/program and was followed by a sec-
ondary screening by Environment Canada’s National Atmospheric
Chemistry Database and Analysis facility in Toronto, Canada. This
facility then carried out most of the data analyses, archiving and
mapping of the final data. The outcome is a final database of quality
assured, regionally-representative data. Data screening included
the assessment of site representativeness, sampling protocols,
laboratory methods, data completeness, and the assignment of a
quality rating. Details of the screening and quality rating pro-
cedures are shown in Table 1 and are described briefly in the text
that follows.

Measurement sites were screened to ensure that only
regionally-representative sites were used; sampling protocols and
laboratory methods were screened to ensure that the protocols and
methods were consistent with the standard protocols defined by
the World Meteorological Organization in WMO/GAW (2004)
(including good performance in external laboratory intercompar-
ison studies where possible); data were screened for completeness
through a quantitative comparison of the annual data against the
data completeness criteria identified in Table 1; data quality was
assessed and every 3-year average measurement value accepted in
the final data set was assigned a Data Quality Rating. Three Data
Quality Ratings were used and are shown on all measurement-
based maps: Satisfactory, Conditional, and Non-Conforming Time
Period. Satisfactory data were considered to meet acceptable stan-
dards of measurement quality while Conditional data were
considered to have higher uncertainties. Non-Conforming data
applied to time periods outside of the standard 2000e2002 and/or
2005e2007 3-year averaging periods and were included only in
Africa, where very limited wet deposition data were available.

The use of 1- and 2-year averages at sites without 3-year aver-
ages was less than ideal but allowed large data gaps in the global
deposition patterns to be filled in. In the 2005e2007 period, 411
sites had 3-year averages of non-sea salt sulfur (nssS) wet deposi-
tion, 59 had 2-year averages and 14 had 1 year averages; for N wet
Table 1
Criteria for assigning data quality ratings to 3-year average wet deposition data.

Data quality
rating

Measurement methods Data comp

Wet-only or bulk sampling Standard Gauge
data availability

Sample
collection
period

Annual %P

Satisfactory Wet-only Yes <1 Day >90%
Satisfactory Wet-only Yes <1 Week >90%
Satisfactory Wet-only or daily bulk No <1 Week >90%
Satisfactory Wet-only or daily bulk

or longer
bulk proven-comparable
to wet-only

Yes or no <2 Weeks >70%e89

Conditional Bulk Yes or no <2 Weeks >70%
Conditional Wet-only daily bulk or

proven-comparable bulk
Yes or no <2 Weeks Cannot be

due to ins
informatio

Conditional Bulk No <4 Weeks Cannot be
due to ins
informatio
deposition, the numbers were 408, 61 and 15 sites, respectively. The
uncertainties of the 2- and 1-year averages were estimated through
a sensitivity analysis based on sites with 3 years of annual nssS and
N data. These data were used to evaluate all possible 1- and 2-year
averages against the 3-year averages. The distributional statistics of
the 1233 (for nssS) and 1224 (for N) possible combinations of 2- and
1-year averages relative to the actual 3-year averages were
computed. For nssS, 80% of the 2-year averageswere between�12%
and þ10% of the 3-year averages and 80% of the 1-year averages
were between �22% and þ20% of the 3-year averages
(medians ¼ �0.4% and �1.7%, respectively). For N, the results were
more uncertain with 80% of the 2-year averages between �18%
and þ17% and 80% of the 1-year averages being between �21% and
20% of the 3-year averages (medians ¼ þ0.1% and �0.4%, respec-
tively). In general, while larger outliers were possible, most 2-year
and 1-year averages used in this assessment were likely within
�10% and �20%, respectively, of the expected 3-year averages.
These results are also shown in Fig. S1 of the Addendum.

The data files of annual and 3-year average wet deposition data
are available and can be downloaded from the WMO/GAW Pre-
cipitation Chemistry Data Centre (http://wdcpc.org/).

2.2. Dry deposition

Direct measurements of dry deposition are difficult to make in
monitoring networks because of the requirements for highly so-
phisticated methods and instrumentation (Wesely and Hicks,
2000). The few monitoring networks that contributed dry deposi-
tion estimates for this assessment, i.e., the Canadian Air and Pre-
cipitation Network (CAPMoN), IDAF (International Global
Atmospheric Chemistry (IGAC)/Deposition of Biogeochemically
Important Trace Species (DEBITS)/Africa), and the Clean Air Status
and Trends Network (CASTNET), did so using the so-called “infer-
ential” technique, which involves making measurements of
ambient air concentrations of gases and/or particles and multi-
plying the concentration values by dry deposition velocities esti-
mated using modeling techniques (Wesely and Hicks, 2000; Zhang
et al., 2005, 2009; Shen et al., 2009; Delon et al., 2010; Adon et al.,
2013). Such estimates are available for only a limited number of
regionally-representative long term monitoring sites worldwide
(approximately 100) e in Africa, Australia and North America.
Addendum Table S1 lists the number of sites, names of networks/
programs and web links/references for the inferential flux data.
Despite the presence of large uncertainties (Wesely and Hicks,
2000), inferential dry deposition estimates remain the best
leteness

CL Annual %TP 3-year average

>70% 2 or 3 of the annual values are “Satisfactory”
>70% 2 or 3 of the annual values are “Satisfactory”
>70% 2 or 3 of the annual values are “Satisfactory”

% >50%e70% 2 or 3 of the annual values are “Satisfactory”

>70% 2 or 3 of the annual values are “Satisfactory”
computed
ufficient
n

Cannot be computed
due to insufficient
information

All situations other than “Satisfactory”

computed
ufficient
n

Cannot be computed
due to insufficient
information

All situations other than “Satisfactory”

http://wdcpc.org/
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available for assessing long term dry deposition on global and
regional scales.

In North America, the U.S. CASTNET and Canadian CAPMoN
inferential estimates of dry deposition velocities and fluxes differ
markedly due to differences in their dry deposition velocity models
(Schwede et al., 2011). Dry deposition velocities in the U.S. were
modeled using the Multi Layer Model (Schwede et al., 2011) and
were based on on-site meteorological measurements, while dry
deposition velocities in Canada are modeled using the Routine
Deposition Model and are based on model interpolated meteoro-
logical fields from the Canadian global weather forecast model
(Zhang et al., 2001, 2003; Schwede et al., 2011).

Three-year average (2000e2002 and 2005e2007) dry depo-
sition estimates of S and N in kg ha�1 a�1 were calculated from
the two networks’ annual S (i.e., SeSO2 plus SeSO4

2�) and N (i.e.,
NeHNO3 plus NeNO3

�) dry deposition estimates, respectively.
Schwede et al. (2011) present an analysis of the sources of un-
certainty and incomparability between the two inferential
models and Mitchell et al. (2011) have evaluated the effects of
the model differences based on watershed mass budgets.
Detailed discussion of the uncertainties is given in both the
sulfur and nitrogen sections that follow. Of particular importance
is the fact that the dry deposition estimates of N from both
networks do not include several major N species (most notably:
NH3, NO, NO2, and PAN) and are therefore incomplete. The im-
plications of the missing species are discussed in detail in the
nitrogen chapter.

In Africa, inferential dry deposition estimates of S and N species
were obtained from the DEBITS program, which used monthly
measurements of gaseous SO2, NO2, NH3, and HNO3 concentrations
using passive samplers (Adon et al., 2010; Martins et al., 2007) and
monthly p-SO4

2�, p-NH4
þ and p-NO3

� concentrations from aerosol
filters (Kleynhans et al., 2008). Monthly-average dry deposition
velocities of gaseous species were simulated using the Soil Vege-
tation Atmosphere (SVAT) big-leaf model ISBA (Noilhan and
Mahfouf, 1996; Delon et al., 2010) coupled with Zhang et al., 2003
parameterizations (Adon et al., 2013). The meteorological forcing
used in the model was developed within ALMIP (AMMA Land
surface Model Intercomparison Project), from a data set based on
merging the ECMWF (European Centre of Medium Range Weather
Forecast) atmospheric state variables and the TRMM-3B42 3-
hourly data for precipitation (Boone et al., 2009). Dry deposition
velocities for particles were obtained from Zhang et al. (2009).

In Australia, SO2 mixing ratios were measured at two sites
(Tarah Rata and Burrup Peninsula) during two annual periods using
passive samplers in duplicate (Ferm, 1991; Ayers et al., 1998). Dry
deposition estimates of SO2eS were estimated using a dry depo-
sition velocity taken from an inferential model for Malaysian con-
ditions (Manins, 1994) and used previously to estimate dry
deposition in Indonesia (Gillett et al., 2000).

2.3. Total deposition

The term “total deposition” is used hereafter to describe the sum
of wet plus dry deposition. The TF HTAP ensemble-mean modeled
patterns of total deposition are shown throughout the article.
However, measurement-based total deposition estimates (i.e., wet
plus inferential dry deposition) are presented only for North
America, Africa and Australia as these are the only continents with
inferential dry deposition estimates. An alternative measurement-
based method for estimating total deposition is the measurement
of throughfall, which has been used to estimate total deposition of S
in Europe by the CLRTAP ICP (Convention on Long-range Trans-
boundary Air Pollution International Co-operative Programme)
Forests network. These estimates are presented in Section 3.6.3.
2.4. Global modeling, mapping and mass budget calculations

Model-based deposition maps were created to complement the
measurement data by filling in the large spatial gaps between and
outside of measurement points. The model-based maps apply to
the year 2001 and represent the ensemble-mean outputs of a set of
global chemical transport models that contributed to Phase 1 of the
Coordinated Model Studies Activities of the UNECE CLRTAP Task
Force on Hemispheric Transport of Air Pollution (TF HTAP). Details
of the TF HTAP modeling studies can be found at http://iek8wikis.
iek.fz-juelich.de/HTAPWiki/ and in HTAP (2010), which can be
downloaded at www.htap.org. The ensemble mean model values
were created by re-gridding the individual model outputs (with
grid sizes ranging from 1� � 1� to 5� � 4�) to a common grid size
(1� � 1�) and then calculating the average of all available model
values at each grid point. Some models were not included if their
integrated global fluxes for a particular ionweremarkedly different
from themedian of all model fluxes for that ion, since this may have
pointed to a model bug or unit problem in the output rather than
model uncertainty. The limit for acceptance was the median � 1.5�
interquartile range.

The final number of models used to calculate the ensemble-
mean deposition values for each chemical compound varied,
namely, 19 (of a possible 23) were used for sulfur, 16 (of a possible
22) for oxidized nitrogen, 7 (of a possible 9) for reduced nitrogen,16
(of a possible 24) for precipitation amount, and 8 (of a possible 13)
for sea salt. The list of models (and associated names of modelers)
used in each set of calculations is shown in Addendum Table S2.
Based on the TF HTAP modeling activity, ensemble-mean maps
were created for S and N emissions, wet deposition, dry deposition,
total deposition, precipitation-weighted mean concentrations, sea
salt deposition and precipitation depth. The model-based precipi-
tation-weightedmean concentrations were derived by dividing the
gridded ensemble-mean wet deposition by the ensemble-mean
precipitation depth.

The TF HTAP global models were used in this assessment for two
reasons: (1) to fill in gaps where no measurement data existed and
(2) to demonstrate the usefulness of the measurement data for
model evaluation. It is acknowledged that regional models exist for
certain areas of the world (e.g., Europe, North America, Asia) but, in
general, there has been little effort made to make them available to
the science community in a well-described and accessible manner
similar to the TF HTAP exercise. A one-to-one comparison of global
and regional model performance e especially a cross-model
intercomparison e has not been done to our knowledge. Howev-
er, this is a prime of objective of the forthcoming TF HTAP Phase 2
Intercomparison in which global and regional models will perform
simulations using shared data sets and, for the regional models,
boundary conditions from a known set of global models. Thus, for
this global assessment, the TF HTAPmodeling exercise was deemed
the best source of global modeling results. No regional models were
used. Maps of the 2001 ensemble-mean modeling results com-
bined with the 2000e2002 three-year average measurement data
are shown throughout the body of the assessment.

The combined measurement-model maps provide the oppor-
tunity to fill in the very large spatial data gaps using the modeled
estimates of deposition. The 2000e2002 3-year average measure-
ment values were chosen for use with the 2001 modeling results to
average out the variability encountered when comparing highly
variable point measurement datawithmuch less variable grid-box-
average modeled values. Each map is accompanied by a
measurement-versus-modeled scatterplot to show the comple-
mentarity of the measurement and ensemble-mean modeling re-
sults. In these scatterplots, multiple measurement values within
given 1� �1� modeled grid cells appear as grid-cell-average values

http://iek8wikis.iek.fz-juelich.de/HTAPWiki/
http://iek8wikis.iek.fz-juelich.de/HTAPWiki/
http://www.htap.org
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rather than single-site values. Globally, only 40 grid cells contained
multiple sites. Readers interested in detailed quantitative measures
of measurement-model comparability will find them in Table S3 of
the Addendum.

Ensemble-mean maps of S and N emissions for 2001 (for indi-
vidual species and the sum of species) were created to provide a
basis for linking measured and modeled deposition estimates to
emissions. In the TF HTAP modeling exercise, each modeler was
asked to use his/her ‘best’ emission inventory. Many, but not all of
the global inventories of anthropogenic emissions were related
back to one EDGAR inventory (e.g., EDGARv3.2) or to inventories
prescribed for the Photocomp Exercise (Stevenson et al., 2006;
Dentener et al., 2006), with the resultant variability shown in
Fig. 3.5 of the TF HTAP Report Part A (HTAP, 2010) (see www.htap.
org for download). The ensemble mean emissions were chosen for
use in this assessment to be consistent with the ensemble-mean
deposition maps and to provide mass consistency between global
emissions and deposition when calculating global mass balances of
sulfur and nitrogen (Sections 3.5 and 4.5).

The large and variable grid sizes of the multiple emission in-
ventories (from 1� �1� to 5� � 4�) induced a notable uncertainty in
the sulfur and nitrogen ensemble-mean emission results. This was
due to continental emissions in coastal grid squares being artifi-
cially smeared over oceanic areas (and, vice versa, sea salt emis-
sions being smeared over continental grid squares). As a result, the
ensemble-mean emission and deposition values of S and N were
artificially biased high in grid squares over coastal waters, and
artificially low over coastal lands. A sensitivity analysis indicated
that this effect extended roughly two degrees offshore (two degrees
inland for sea salt).

Based on the ensemble-mean emission and deposition model
results, continental and oceanic area-integrated emission and
deposition mass budgets were calculated. Because of uncertainties
in attributing 1� �1� model deposition values in coastal grid cells to
either land or ocean, the continental and oceanic mass totals were
attributed to four different zones: non-coastal continental, coastal
continental, non-coastal oceanic and coastal oceanic, where the
two coastal zones included all coastal land grids plus their two
adjacent oceanic grids. Fig. 2.2 illustrates the zones used in the
area-integrated mass budget calculations.

3. Sulfur

Due to the paucity of precipitation chemistry measurements
around the world, publications of sulfur (S) precipitation compo-
sition and deposition on a global scale have necessarily been based
on chemical transport model predictions e with the exception of
the World Meteorological Organization’s Global Acid Deposition
Assessment (Whelpdale and Kaiser, 1996) described in the Intro-
duction. Global patterns of sulfate (SO4

2�) deposition estimated by
chemical transport models over the last decade (Rodhe et al., 2002;
Bouwman et al., 2002; Dentener et al., 2006; HTAP, 2010) indicate
high deposition of SO4

2� in East Asia (specifically in southeastern
China), northeastern India and Bangladesh, central Europe, and
northeastern North America. These studies also indicate good
agreement between model estimates and measurements in Europe
and North America, although less so in parts of Asia. Interconti-
nental contributions are estimated to be small (HTAP, 2010).
Dentener et al. (2006) estimated that 36e51% of all SOx is deposited
over the oceans and that 50e80% of the fraction of deposition on
land falls on natural (nonagricultural) vegetation. Bouwman et al.
(2002) indicated that 7e17% of the global area of natural ecosys-
tems is at risk of acidification from S and N (i.e., deposition exceeds
the ecosystem critical load). Global modeling results are consistent
with model predictions for individual regions, including East Asia
(Han et al., 2006; Guttikunda et al., 2001; Wang et al., 2008), and
North America (IJC, 2008; Environment Canada, 2005; NAPAP,
2005).

Sulfate deposition has long been implicated in aquatic and
terrestrial ecosystem effects and in the exceedance of ecosystem
critical loads in Canada and the U.S. (Environment Canada, 2005;
IJC, 2010). Regional-scale S concentrations in precipitation and
wet deposition from measurement data have been published for a
number of areas worldwide and for various time periods. In North
America, SO4

2� deposition has been shown to be highest in the
Great Lakes area of Canada and the U.S. (Environment Canada,
2005; NAPAP, 2005; Sickles and Shadwick, 2007; Lehmann et al.,
2005; Baumgardner et al., 2002; Nilles and Conley, 2001; IJC,
2008). The most recent maps (IJC, 2012) show that the area once
receivingmore than 20 kg S ha�1 a�1 of wet deposited SO4

2� as S has
disappeared. Using long-term measurement data from national
networks and mass balance calculations, Vet and Ro (2008)
analyzed the contribution of long range transboundary transport
of S emissions between the U.S. and Canada on wet S deposition in
eastern North America. Results showed that in 1990e1994 and
1996e2000, eastern Canada emitted, on average, 8e9% of eastern
North American S emissions but received 28e29% of eastern North
American nssS wet deposition, while the eastern U.S. emitted 91e
92% of the S but received only 71e72% of the nssS wet deposition.

Regional-scale results have been supplemented by studies of
particular aspects of deposition including deposition through fog
and cloud events, and at specific locations including high elevation
areas (e.g., Clow et al., 2002; Hidy, 2003; Ingersoll et al., 2008; Kvale
and Pryor, 2006; Kelly et al., 2002; Martin et al., 2000; Willey et al.,
2006; Peters et al., 2002; Anderson et al., 2006; Sickles and Grimm,
2003; Hutchings et al., 2009; Aleksic et al., 2009; Dukett et al., 2011).
Almost all of these studies showed significant declines in SO4

2�

deposition since the late 1980s and 1990s. In Mexico, high con-
centrations of SO4

2� in precipitation have also been observed. Short-
term studies showmuch higher concentrations inMexico City (Baez
et al., 2007) than in the Mayan Riviera (Bravo et al., 2000).

In South America, the majority of past studies on precipitation
chemistry and deposition have focused on urban centers or in-
dustrial zones. Given the paucity of regionally-representative long-
term data, S concentrations and deposition observations from this
regionwere extracted from the literature and are summarized later
in this chapter.

In Europe, regional-scale spatial and temporal analyses of ion
concentrations in precipitation and wet deposition are regularly
presented by the European Monitoring and Evaluation Programme
(EMEP). The EMEP assessment report from 2004 (Lövblad et al.,
2004) presented an analysis of the first 25 years of measurement
data, and a review that includes data from 1972 up to 2009 has
been recently published by Tørseth et al. (2012). EMEP annual
status reports can be downloaded from http://www.emep.int/.
There have been large reductions in ambient concentrations and
deposition of S species during the last few decades. Reductions
were of the order of 70e90% since the year 1980, and correspond
well with reported emission changes (Tørseth et al., 2012; EMEP/
CEIP, 2012). Consequently the European area estimated to be at
risk of acidification from S and N deposition has been substantially
reduced, with the most sensitive areas located in Northern Europe
and Scandinavia (WGE, 2011). The area at risk of acidification was
about 10% in 2000, and under current legislation it is projected to
be reduced to 4% in 2020. Sulfate continues to be the most
important acidifying anion in acidified surface waters (WGE, 2011).

Model predictions for the period 1990e2004 were presented in
the review of the CLRTAP Gothenburg Protocol (Fagerli et al., 2006),
and showed that in 1990 many areas in Europe had S deposition as
high as 30 kg nssS ha�1 a�1, while in 2004 only parts of eastern

http://www.htap.org
http://www.htap.org
http://www.emep.int/
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Europe received S deposition above 10 kg nssS ha�1 a�1. Further-
more, the area receiving highest S deposition has shifted from
Central-East European countries such as Germany, Poland, Czech
Republic and Slovakia to eastern European countries such as
Bulgaria, Romania, Serbia, Bosnia and Herzegovina (Fagerli et al.,
2006). In addition to monitoring under EMEP, special studies
have been conducted in many of the countries in Europe, generally
of a short-term nature and designed to increase understanding of
the sources and impacts of concentrations in precipitation and
deposition. Given the focus of this assessment on regionally-
representative long-term trends, these studies are not discussed
here.

In Asia, the Acid Deposition Monitoring Network in East Asia
(EANET) periodically presents “State of acid deposition” reports. In
2006, EANET reported considerable variation of annual nssSO4

2�

concentrations across East Asia over the period 2000e2004,
ranging from <1 to 9.7 mg S L�1 at rural and remote sites with the
highest concentrations observed in China (EANET, 2006). Spatial
patterns of SO4

2� concentrations in precipitation observed at a large
mix of sites in India (Siva Soumya et al., 2009) over the period 1978
to 2006 showed very scattered concentrations in relation to dis-
tance from the seacoast ranging from 0.33 to 3.67 mg S L�1 due to
the influence from local emissions. Other recent long-term trend
studies in the region include Zhang et al. (2012), who analyzed
precipitation samples collected between 1989 and 2006 from the
Lijiang region, southwestern China for all major ions. The study
showed significantly increasing S concentrations, mostly contrib-
uted by soil/dust sources remarkably correlated with the increasing
number of tourists. The presence of sulfate in mineral dust is
attributed to emissions of soil evaporate minerals (calcium, mag-
nesium or sodium sulfate) and to the coating and interaction of dust
particles with sulfate and/or its precursors (SO2 and H2SO4) origi-
nating from anthropogenic emissions (Rodriguez et al., 2011).

Wet deposition over the period 2005e2009 was reported to be
highest in China (>64 kg S ha�1 a�1) and lowest at sites in Phil-
lipines, Mongolia and Russian Federation (<0.5 kg S ha�1 a�1)
(EANET, 2011). In East Asia, SO2 emissions are still the major
contributor to acidic deposition (EANET, 2011). Apart from regional
assessments by EANET and others, smaller scale and short term
sampling campaigns were conducted in individual Asian countries;
however, these are too local for the scope of this assessment.
Critical load assessments in China (Zhao et al., 2009) and Asia
(Hicks et al., 2008) consistently show a risk of soil acidification from
S deposition in eastern and southern China and parts of Southeast
Asia, but there is no evidence of impacts outside of China.

In Africa, publications of regionally-representative and
ecosystem-specific S concentrations and wet deposition report
measurements collected at IDAF (IGAC/DEBITS/Africa program)
sites in the following countries: Niger and Mali (Galy-Lacaux et al.,
2009; Laouali et al., 2012), Republic of Côte d’Ivoire (Yoboué et al.,
2005), Benin, Cameroon (Sigha-Nkamdjou et al., 2003), and South
Africa (Mphepya et al., 2004, 2006). Sulfate was the predominant
ion at sites in South Africa (0.23e0.94 mg S L�1), but not at sites
north of the equator (0.08e0.11 mg S L�1).

Recent publications of S concentrations in precipitation in
Oceania are limited. Two in particular report extremely different
annual volume weighted ranges of nssSO2

4� in rainwater at sites in
the Indian Ocean (Baboukas et al., 2004) and in New South Wales
and Malaysia (Ayers et al., 2002). Concentration ranges of nssSO4

2�

(as S) were 0.049e0.73 mg S L�1 in the Indian Ocean (1991e1999),
0.30e0.54 mg S L�1 in Malaysia (1993e1997) and 0.053e
0.12 mg S L�1 in New South Wales (1993e1994).

Long-term observations in the Arctic show that SO4
2� concen-

trations in precipitation are relatively low (below 0.5 mg S L�1),
with considerable spatial variation depending on the location of
emission sources, and a decreasing trend in recent years (AMAP,
2006; Hole et al., 2009). Concentrations are generally higher in
the winter, but deposition may be highly episodic (AMAP, 2006).
Measurements of precipitation chemistry in cold regions with
snow cover and low precipitation are difficult to obtain because of
the interference of blowing snow at high wind speeds. A unique
attempt to exclude blowing snow from precipitation sampling was
made by Toom-Sauntry and Barrie (2002) in their 3-year study at
Alert, Canada.

In the sections that follow, sulfur (S) concentrations andwet, dry
and total deposition estimates are described at the global scale and
in each region based on the 3-year average 2000e2002 and 2005e
2007 measurement data and the complementary 2001 TF HTAP
ensemble mean modeling results. For clarity, the following
nomenclature is used for the S species and the various emission and
deposition values: S emissions refers to the sum of SO2 emissions
plus non-sea-salt SO4

2� (i.e., particle-SO4
2� and/or H2SO4) and DMS

(dimethyl sulfide) emissions (over the oceans only), expressed as S;
measured S concentrations in precipitation and S wet deposition refer
to all oxidized S species measured as the sulfate ion in precipitation
including dissolved inorganic SO4

2� and dissolved SO2 converted to
SO4

2�; sea salt S (ssS) refers to S from sea salt and non-sea-salt S
(nssS) refers to all S not including sea salt S (wheremeasured nssS is
estimated using the methods specified in WMO/GAW, 2004);
model-based S wet deposition refers to the sum of modeled wet
nssSO4

2-S þ wet SO2eS deposition; model-based S concentrations in
precipitation are derived values calculated as the model-based
gridded nssS wet deposition values divided by their associated
gridded precipitation depth values (i.e., the precipitation-weighted
mean concentrations were not modeled directly); measurement-
based inferential dry deposition refers to the sum of gaseous SO2eS
and aerosol SO4

2�eS dry deposition estimates unless specified
otherwise; model-based dry deposition refers to the sum of gaseous
SO2eS and aerosol nssSO4

2�-S dry deposition estimates; total
deposition of S (both measured and modeled) refers to the sum of
wet plus dry deposition of S as defined above. Addendum Table S3
summarizes all comparability statistics associated with the com-
bined measurement and model-based maps shown below.

3.1. Global and regional emissions of S

The TF HTAP global pattern of S emissions for the year 2001 is
shown in Fig. 3.1 as context for the assessment of precipitation
chemistry and deposition. The figure contains the gridded
ensemble-mean emission values derived from the TF HTAP S
models, 19 of which included SO2eS emissions, 16 of which
included DMS-S emissions (ocean and minor continental sources),
and 11 that included nssSO4

2�-S. SO2eS and SO4
2�eS emission

sources included power generation, industry, transport (including
shipping), biofuel use, large biomass burning and agricultural fires,
and natural sources including volcanoes and terrestrial and oceanic
DMS-S. Sea salt S emissions were not included. Global emissions of
SO2eS were considerably higher than SO4

2�eS and DMS-S emis-
sions (with relative percentages of 73%, 7% and 20%) except over the
non-shipping portions of the oceans where DMS-S accounted for
85e100% of S emissions (this decreased in the major shipping
channels to 40%).

Globally, the 2001 gridded S emission values (1� � 1�) in 2001
(Fig. 3.1) were highest (40e162.3 kg S ha�1 a�1) in parts of Europe
(global maximum ¼ 162.3 kg S ha�1 a�1 in the Ionian Sea and Eu-
ropean maximum ¼ 83.4 kg S ha�1 a�1 in the Czech Republic),
eastern China (max ¼ 105.6 kg S ha�1 a�1) and the eastern U.S.
(max ¼ 52.8 kg S ha�1 a�1). Areas with emissions in the 10e
40 kg S ha�1 a�1 range existed on all continents except Australia
and Antarctica, although they occurred in only a few small areas of



Fig. 3.1. 2001 ensemble-mean, 1� � 1�, global S emissions including SO2eS, nssSO4
2�eS and DMS-S in kg S ha�1 a�1.
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South America and Africa. Low emissions of <0.5 kg S ha�1 a�1

occurred over most of South America, northern Canada, northern
Asia, Africa, Oceania, Antarctica and the oceans.

Area-integrated S emissions for the globe, continents, oceans
and coastal-zones are presented for 2001 in Table 2. Note that
Table 2 also contains area-integrated total deposition values that
are discussed later. The area-integrated emissions and deposition
represent only nssS and were calculated as the sum of all grid
square ensemble-mean emission and deposition values within the
continents, oceans and coastal zones defined by Fig. 2.2.
Table 2
2001 area-integrated estimates of S emissions and total S deposition in Tg S (and as a % of
the sum of the ensemble-mean grid square emissions and total deposition estimates wit
total Coastal emissions (and deposition) are equivalent for the Continents and Oceans. T
tinents, Non-coastal Oceans and one of the Coastal Continents or Oceans.

Region
Sulfur emissions in Tg S (% of Global S emissions)

Non-coastal Coastal

Continents
Africa 3.4 (3.7) 1.3 (1.5)
Antarctica 0.0 (0.0) 0.1 (0.1)
Asia 21.5 (23.6) 7.9 (8.7)
Europe 11.6 (12.8) 4.8 (5.3)
North America 9.9 (10.9) 3.2 (3.5)
Oceania 1.0 (1.1) 2.8 (3.0)
South America 3.0 (3.3) 1.3 (1.4)
S Continents 50.4 (55.4) 21.4 (23.5)
Oceans
North Atlantic 3.2 (3.6) 8.1 (8.8)
South Atlantic 2.0 (2.2) 0.5 (0.5)
North Pacific 4.7 (5.2) 7.7 (8.5)
South Pacific 4.6 (5.0) 2.3 (2.5)
North Indian Ocean 0.7 (0.8) 1.7 (1.9)
South Indian Ocean 3.0 (3.3) 0.9 (1.0)
Arctic Ocean 0.1 (0.1) 0.1 (0.2)
Southern Ocean 0.9 (0.9) 0.1 (0.1)
S Oceans 19.2 (21.1) 21.4 (23.5)
TOTAL 69.6 (76.5) 21.4 (23.5)
Global S emissions in 2001 were estimated at 91.0
(�7.3) Tg S a�1 where 7.3 represents the one sigma standard de-
viation of the emissions from all models in the ensemble. Of this,
55.4% (or 50.4 Tg S a�1) came from continental sources, 21.1%
(19.2 Tg S a�1) from oceanic sources and 23.5% (21.4 Tg S a�1) from
coastal zone sources. As mentioned in Section 2, coastal zone
sources included land-based emissions as well as ocean shipping
and biogenic (DMS-S) emissions. Total ocean shipping and
biogenic emissions accounted for roughly 3% and 6%, of the global
S emissions, respectively. Non-coastal þ coastal Asia accounted for
the global total) for continents, oceans and coastal zones. Values were calculated as
hin individual continents, oceans and coastal zones as defined by Fig. 2.2. Note that
hus, Global Total emissions and deposition equal the sum of the Non-coastal Con-

Sulfur total deposition in Tg S (% of Global S total)

Non-coastal Coastal

3.4 (4.0) 1.2 (1.4)
0.1 (0.1) 0.1 (0.1)

17.9 (21.1) 7.2 (8.6)
8.2 (9.6) 3.9 (4.6)
7.4 (8.7) 3.1 (3.6)
0.9 (1.1) 2.3 (2.7)
2.3 (2.8) 0.9 (1.1)

40.2 (47.4) 18.7 (22.1)

5.2 (6.2) 7.0 (8.3)
2.1 (2.4) 0.4 (0.5)
8.4 (10.0) 6.7 (7.9)
4.6 (5.5) 1.6 (1.9)
1.5 (1.7) 1.6 (1.9)
3.2 (3.7) 0.8 (1.0)
0.3 (0.3) 0.5 (0.5)
0.6 (0.7) 0.1 (0.1)

25.9 (30.5) 18.7 (22.1)
66.1 (77.9) 18.7 (22.1)

mailto:Image of Fig. 3.1|tif
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32.3% of the global emissions, Europe 18.1% and North America
14.4%. For the non-coastal oceans, the North Pacific and South
Pacific emissions were highest at 5.2% and 5.0% of the global
emissions, respectively, and the Arctic Ocean emissions were
lowest at only 0.1% of the global total. The 2001 ensemble-mean
global S emission estimate of 91.0 Tg S in Table 2 is consistent
with the 2000 estimate of 90.2 Tg S in Dentener et al. (2006) in
which the regional anthropogenic emissions were generated by
IIASA and spatially distributed using the EDGAR 3.2 database. It
must be acknowledged, however, that the ensemble variability of
global emissions in our case was relatively high, with a standard
deviation of �7.3 Tg S.

3.2. Global S in precipitation and wet deposition

Measurement-based 3-year-average patterns of precipitation-
weighted mean concentrations of S (as measured by SO4

2�eS con-
centrations in precipitation samples and including ssS) are shown
in Fig. 3.2a and b for the periods 2000e2002 and 2005e2007,
respectively. It is clear that large areas of the globe have had (and
continue to have) little or no measurement coverage. To fill the
large measurement gaps in southern Africa, measurement data
from South Africa were included for the non-conforming period
1986e2000. The screened-in data set shown in Fig. 3.2a consisted
of 437 Satisfactory, 30 Conditional and 4 Non-Conforming-Period
data points and the data set in Fig. 3.2b consisted of 470, 14 and
0 data points, respectively.

Globally, the highest 3-year-average annual precipitation-
weighted mean concentrations of S ranged from 1.20 to
3.24 mg S L�1 in the 2000e2002 period and from 1.20 to
4.58 mg S L�1 in the 2005e2007 period. During both periods, the
maximum values of 3.24 and 4.58 mg S L�1, respectively, were
measured at the Chongqing-Jinyunshan and Xi’an-Jiwozi EANET
sites in eastern China. The other sites with concentrations �
1.2 mg S L�1 were located in Asia (China, Russian Federation, the
Republic of Korea, Japan) and Europe (Serbia, Spain). The lowest
concentrations globally in the two periods were in the range of
0.02e0.06 mg S L�1 and were all in the U.S.. Not unexpectedly, the
spatial patterns of concentration closelymimic the global pattern of
S emissions (Fig. 3.1) with high values occurring in high emission
areas and low values in low emission areas (with allowances for the
added influences of long range transport and precipitation
patterns).

The measurement-based 3-year average patterns of S wet
deposition for 2000e2002 and 2005e2007 are shown in Fig. 3.3a
Fig. 3.2. Measured 3-year annual average precipitation-weighted mean conc
and b, respectively, and for nssS in Fig. 3.3 c and d, respectively. As
with the precipitation-weighted mean concentrations, the wet
deposition patterns closely reflect the pattern of S emissions with
the added influences of long range transport and precipitation. In
2000e2002 and 2005e2007, the highest 3-year average S wet
deposition values were measured in Asia (China, Japan, India,
Taiwan), Europe (Croatia and Ireland) and North America (U.S.),
ranging from 12.00 to 34.90 kg S ha�1 a�1 and 12.00e
49.82 kg S ha�1 a�1, respectively. The highest global values of 34.90
and 49.82 kg S ha�1 a�1 for the two periods were measured at the
Integrated Monitoring Programme on Acidification of Chinese
Terrestrial Systems (IMPACTS) Tie Shan Ping site in eastern China in
2000e2002 and the EANET Chongquing-Jinyunshan site in eastern
China in 2005e2007. Although this assessment does not consider
urban deposition, it is interesting to note that the highest wet
deposition value measured globally during our two periods was
76.16 kg S ha�1 a�1 at the urban EANET Xi’an-Weishuiyuan site in
eastern China in 2000e2002.

The lowest 3-year average S wet deposition values measured
globally were 0.05 kg S ha�1 a�1 in 2000e2002 at the Joshua Tree
National Park NADP site and 0.08 kg S ha�1 a�1 in 2005e2007 at the
NADP Smith Valley site, both located in western U.S.. Global max-
ima were 698 and 623 times higher than the global minima during
the two periods. Sea salt sulfur (ssS) was an important contributor
to wet deposition in the coastal and island areas of the world and is
responsible for the difference between Fig. 3.3c and d (nssS) and
Fig. 3.3a and b (nssS þ ssS). Based on the WMO calculation method
for calculating nssS at sites within 100 km of saltwater coastline
(WMO/GAW, 2004), the global percentage contribution of ssS to S
wet deposition for the 2005e2007 period (Fig. 3.4) varied globally
from a low of 0.9% in the U.S. to a high of 86% in Ireland.

Anthropogenic S emissions changed markedly in North
America, Europe and Asia from 2000 to 2007. Major reductions in
S emissions occurred in Canada, the U.S., and Europe while major
increases occurred in China, India and other parts of east and
south Asia (IJC, 2010; EMEP/CEIP, 2012; EANET, 2011; HTAP,
2010). The effect of these emission changes on nssS wet depo-
sition is shown in Fig. 3.5a which plots the global map of %
changes between the 2000e2002 and 2005e2007 3-year average
annual nssS wet deposition values, and in Fig. 3.5b which plots
the data in continent-by-continent box-and-whisker plots. In all
cases, the % changes were calculated as 100 � [D2005e

2007 � D2000e2002]/[D2000e2002] where D is the 3-year average
value. For context, Fig. 3.5b also shows the % changes in the 3-
year average nssS concentrations and precipitation depth given
entrations of S in precipitation for (a) 2000e2002 and (b) 2005e2007.
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Fig. 3.4. Percent ssS contribution to measured S wet deposition based on 3-year average annual wet deposition values for 2005e2007.

Fig. 3.3. Measured 3-year annual average wet deposition of: (a) S for 2000e2002, (b) S for 2005e2007, (c) nssS for 2000e2002, and (d) nssS for 2005e2007.
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Fig. 3.5. (a) Global % change between the 2000e2002 and 2005e2007 3-year mean wet deposition fluxes of nssS (calculated as 100 [D2005e2007 e D2000e2002]/[D2000e2002]) and (b)
box-and-whisker plots of the % changes of wet deposition (brown), concentration (blue) and precipitation depth (orange) at all sites in Africa, Asia, Europe and North America. The
whiskers represent the minimum and maximum values, the bottom and top of the boxes represent the 25th and 75th percentiles, the centre line represents the median, the dot
represents the mean and n equals the number of measurement sites.
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that wet deposition changes reflect both concentration and
depth changes.

Consistent with the North American SO2eS emission reductions,
Fig. 3.5a,b indicates that nssS wet deposition also decreased in
North America (median % change of 268 sites ¼ �4.5%) and Europe
(median % change of 88 sites¼�22.2%). More than 60% of the North
American sites (166 of 268) showed decreases of 0e42%, and 82% of
the European sites (71 of 88) showed decreases of 0e58%. Fig. 3.5b
indicates that these decreases were due predominantly to
decreasing concentrations of nssS (associated with the major re-
ductions in S emissions on both continents) and not to decreasing
precipitation depths. In fact, Fig. 3.5b shows thatmost sites in North
America had greater concentration decreases than wet deposition
decreases. Consistent with increasing S emissions in Asia, wet
deposition in Asia increased by as much as 48% at one site in China,
with 65% of the sites (20 of 32), showing increases from 0 to 48%
and the other 35% of the sites showing decreases from 0 to 54%.

The map of % changes in precipitation depth (Addendum
Fig. S2c) shows that major precipitation increases occurred in
western North America, along the coast of Norway, and at a few
sites in East Asia while major decreases occurred in east-central
North America and much of Europe. At many sites in western
North America, the increasing precipitation depths coupled with
the decreasing precipitation-weightedmean concentrations of nssS
(Addendum Fig. S2d), produced net decreases in wet deposition
(Fig. 3.5a,b). In contrast, along the coast of Norway and in East Asia,
the increased levels of wet depositionwere largely due to increases
in both concentration and precipitation depth.

The combined measurement and ensemble-mean model maps
serve to enhance our understanding of global patterns of precipi-
tation concentrations and wet deposition of S. On the assumption
that measurement-model comparability is good, the modeled
values provide estimates of values in the areas between the mea-
surement points and over the oceans. To that end, the 2000e2002
3-year average measured values of nssS precipitation-weighted
mean concentrations and nssS wet deposition are superimposed
on the 2001 ensemble-mean nssS modeled patterns in Fig. 3.6a and
c, respectively. Presented beside themaps are scatterplots (Fig. 3.6b
and d) of the grid-average measured versus modeled values. It is
important to note that the model-based pattern of precipitation-
weighted mean concentrations (Fig. 3.6a) was produced by
dividing the ensemble-mean annual wet deposition value for each
1� � 1� grid square by its associated ensemble-mean annual pre-
cipitation depth (i.e., the precipitation-weighted mean concentra-
tions were not modeled). As expected, the concentration and wet
deposition patterns in Fig. 3.6a,c strongly mimic the emission
patterns of S with allowances for long range transport, dispersion,
chemical transformation, precipitation and deposition.

Fig. 3.6b shows considerable scatter between the measured and
modeled precipitation-weighted mean concentrations of nssS
(r¼ 0.678; n¼ 428 grid squares). Nevertheless, reduced scatter and
high correlations occurred in Africa (r ¼ 0.986; n ¼ 7), North
America (r ¼ 0.886; n ¼ 273), Europe (r ¼ 0.586; n ¼ 106) and Asia
(r ¼ 0.742; n ¼ 39), which indicates that the lower global r value
was due to a combination of over-predicted modeled values (but
good correlations) in Europe and North America and under-
predicted modeled values (but good correlations) in Asia. Fig. 3.6a
suggests that a modeled global background nssS concentration
would be <0.04 mg S L�1 over Antarctica and remote ocean areas.
Several of the continental and offshore areas show modeled con-
centrations in the range of 0.1e1.0mg S L�1 while the high emission
areas of North America, Europe, and East Asia (see Fig. 3.1) have the
highest global concentrations of 1.0e2.0 mg S L�1. The maximum
measured global concentrations were 3.2 and 2.9 mg S L�1 at the
EANET sites of Chongquing-Jinyunshan and Tie Shan Ping (China),
respectively, while the lowest measured value was 0.03 mg S L�1 at
the Sagehen Creek NADP site in the western U.S.. Further
measurement-model comparison statistics can be found in
Addendum Table S3.

The measured and modeled values of nssSwet deposition shown
in Fig. 3.6c compare better (r ¼ 0.793) than do the concentrations
(r ¼ 0.678), with more uniform scatter about the one-to-one line
(Fig. 3.6d). An analysis indicated that this was due to the HTAP
model concentrations being over-predicted at many sites and the
precipitation depths being under-predicted (or vice versa), leading
to a net effect of better predictions of wet deposition. Fig. 3.6c and
d show that slight model over-predictions of wet deposition occur
in North America and Europe and under-predictions occur in Asia.
The modeled wet deposition pattern has a global range of
0.01 kg S ha�1 a�1 in Antarctica to 20.40 kg S ha�1 a�1 in eastern
China. In terms of measurements, three sites in eastern China
recorded measured nssS wet deposition considerably higher than
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Fig. 3.6. (a) Measurement-model precipitation-weighted mean concentrations with (b) concentration scatterplot, and (c) measurement-model wet deposition of nssS in
kg S ha�1 a�1 with (d) deposition scatterplot. Measurement values represent 3-year averages (2000e2002) of nssS; model results represent 2001 nssS values. Note the non-linear
scale in the last increment of the scatterplot.
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the modeled maximum, namely: Cai Jia Tang at 22.92 kg S ha�1 a�1,
Chongqing-Jinyunshan at 34.25 kg S ha�1 a�1, Tie Shan Ping at
34.90 kg S ha�1 a�1. Assuming that the modeling results in Fig. 3.6c
captured the general pattern of wet deposition reasonably well,
global background wet deposition levels are projected to range
from<0.2 to 1.0 kg S ha�1 a�1 over the remote oceans. Considerably
higher levels of 1.0e4.0 kg S ha�1 a�1 are modeled over the mid-
latitudinal areas of the Atlantic and Pacific Oceans and the equa-
torial regions of the Atlantic, Pacific and Indian Oceans due to ship
emissions and off-shore transport of continental emissions (see
later discussion).

As expected from the global emission pattern (Fig. 3.1), the low-
emission areas of the continents (specifically, northern andwestern
North America, most of South America, most of Africa, northern
Scandinavia, northern and central Asia and most of Oceania)
received low levels of wet deposition in the range of 0.2e
2.0 kg S ha�1 a�1 (modeled) while the continental areas within and
adjacent to the high emission source regions received very high
levels of 4.0e34.90 kg S ha�1 a�1 (measured).

3.3. Global dry deposition of S

Measurement-based inferential network estimates of S dry
deposition were made in only a few countries worldwide using the
inferential technique explained in Section 2. The long-term infer-
ential estimates were available only in Canada, the U.S., Japan, Af-
rica and Australia. The measurement techniques, the S species
measured, the periods of measurement, and the dry deposition
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Fig. 3.7. 2001 ensemble-mean patterns of: (a) dry deposition of S (actually nssS) from SO2 dry deposition, p-SO4
2� dry deposition, and DMS-S in kg S ha�1 a�1 and (b) % ratio of SO2e

S dry deposition to S dry deposition as defined in (a).
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velocity models varied considerably from country to country which
made it difficult to produce a global map of dry deposition. For this
reason, the following discussion on global dry deposition is based
only on the 2001 HTAP ensemble-mean modeling estimates of S
dry deposition (non-sea-salt-sulfur) and the reader is referred to
the North America, Africa and Oceania sections for region-specific
discussions of the measurement-based inferential dry deposition
estimates.
The 2001 ensemble-mean pattern of nssS dry deposition is
shown in Fig. 3.7a, along with the % contribution of SO2eS to nssS
dry deposition in Fig. 3.7b.

The global model-based pattern of nssS dry deposition in
Fig. 3.7a closely mimics the global pattern of S emissions (Fig. 3.1)
and nssS wet deposition (Fig. 3.6b). Maximum global dry deposi-
tion model estimates to range from 20.0 to 33.0 kg S ha�1 a�1 in the
very high S emission areas of eastern China and the so-called Black
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Triangle area of Germany, Poland and the Czech Republic (per
Fig. 3.1). Levels from 4.0 to 20.0 kg S ha�1 a�1 appear on all conti-
nents (except Australia and Antarctica) in areas with emissions
exceeding roughly 1 kg S ha�1 a�1. Very low dry deposition levels of
less than 0.5 kg S ha�1 a�1 appear in the low emission regions of the
continents and over most of the remote oceans (not including the
near-coastal regions and the major shipping lanes). The Arctic and
Southern Oceans, as well as the continent of Antarctica, have
modeled dry deposition levels of less than 0.1 kg S ha�1 a�1.

The individual ensemble-mean modeled patterns of SO2eS and
SO4

2�eS dry deposition are not shown here but appear in Fig. S3 of
the Addendum. Fig. 3.7b, however, provides a model-based
assessment of the importance of gaseous SO2eS dry deposition
relative to S dry deposition, where S consists of gaseous SO2eS, nss
particle SO4

2�eS, and DMS-S. This map, presented as a % ratio, is
useful for those who want to estimate S dry deposition but have
access only to SO2eS dry deposition values. Fig. 3.7b suggests that
SO2eS is the dominant contributor (>50%) to S dry deposition
worldwide (both continents and oceans) with only a few excep-
tions, i.e., in very low emission areas of northern and eastern Africa,
western China, western Mongolia, Greenland and Antarctica. In the
high emission areas of the continents where emissions exceed
roughly 2 kg S ha�1 a�1, SO2eS dry deposition appears to contribute
>85% of the dry deposition of S. This percentage is expected to be
high because the HTAP models do not include ssSO4

2� aerosols and
because high uncertainties exist in the dry deposition parameter-
izations of particle SO4

2�.

3.4. Global total deposition of S

The 2001 ensemble-mean modeled pattern of total deposition
of S is shown in Fig. 3.8a; again, measured values could not be
superimposed on this figure because measurement-based infer-
ential dry deposition values were not available for most of the
globe. The deposition pattern exhibits four areas of very high total
deposition: East Asia including eastern China and the Republic of
Korea with values of 20.0e50.2 kg S ha�1 a�1 (the global
maximum), western Europe including Germany, Poland, Czech
Republic, Romania, Bulgaria, and Belgium with values of 20.0e
32.0 kg S ha�1 a�1 and eastern North America (specifically the
northeast U.S.) with values of 20.0e23.4 kg S ha�1 a�1. Extensive
areas of high deposition in the range of 4.0e20.0 kg S ha�1 a�1 are
projected in the eastern U.S. and southeastern Canada, most of
Europe, large sections of Pakistan, India and Bangladesh, and large
Fig. 3.8. 2001 ensemble-mean patterns of: (a) total deposition of S
sections of East Asia including Myanmar, Thailand, Laos, eastern
China, the Democratic People's Republic of Korea, the Republic of
Korea and Japan. Smaller areas in the same range are predicted on
all continents including sections of southern Mexico, Colombia,
Chile, and Nigeria, South Africa, western Russian Federation and the
area of Oceania around Papua New Guinea. Very large areas of the
continents (except Antarctica) and oceans have total deposition
from 0.2 to 2.0 kg S ha�1 a�1 and most of Antarctica has very low
levels from 0.1 to 0.2 kg S ha�1 a�1, with the former value being the
global minimum. Several coastal areas including off eastern North
America, around Europe (Mediterranean, North and Baltic Seas),
west, south and east of India and east of East Asia show relatively
high total deposition levels in the range of 4.0e20.0 kg S ha�1 a�1

with areas of lower total deposition between 1.0 and
4.0 kg S ha�1 a�1 extending eastward across the Atlantic Ocean and
the Pacific Ocean. These latter high deposition areas appear to be
due to continental emissions being transported across the oceans,
shipping emissions (Fig. 3.1) and high precipitation depths
(Addendum Fig. S2a).

Scientists interested in the ecological effects of S usually need
values of total deposition but, unfortunately, often have access only
to wet deposition measurement data. In such cases, knowing the
ratio of wet or dry deposition to total deposition allows them to
estimate total deposition from the wet-only deposition values.
Fig. 3.8b shows the ensemble-mean model estimated % contribu-
tion of dry deposition to total deposition of S. Not surprisingly, the
areas with the highest % dry deposition (>70%) appear in the driest
continental areas of the world as well as their nearby coastal zones,
including the southwestern U.S., northern Mexico, northern Chile,
northern and southern Africa, the Middle East, southwest Asia, and
western and eastern Australia, all of which receive annual precip-
itation depths of <40 cm a�1 and, in some cases < 20 cm a�1 (see
Addendum Fig. S2a). Other areas also appear to be dominated by
dry deposition, but to a lesser degree, with ratios between 50 and
70%. These areas typically occur where emissions are relatively high
and precipitation depths are relatively low, e.g., central and eastern
U.S., southwestern Canada, most of Europe, northeastern South
Africa, the Republic of Korea and northeastern China.

Wet deposition is dominant in areas where emissions range
from low to moderate and precipitation depths range from mod-
erate to high, e.g., northern Canada, northern Asia, central Africa,
most of South America and most of the oceans. The contiguous U.S.
and Mexico are unique in that most of their surface area is char-
acterized by roughly equal contributions of dry and wet deposition
in kg S ha�1 a�1 and (b) % ratio of dry to total deposition of S.
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(50% � 10%). These ratios are very uncertain due to uncertainty in
dry deposition parameterizations of the models and particularly so
in the low deposition areas of the continents.
3.5. Area-integrated emissions and deposition of S

Area-integrated, model-based estimates of emissions and total
deposition of nssS for 2001 are tabulated for the continents, oceans
and coastal zones in Table 2. The area-integrated values provide a
number of insights into the global atmospheric S budget:

� The 2001 global budget of nssS total deposition is estimated at
84.8 � 6.1 Tg S with global emissions of 91.0 � 7.3 Tg S
(�numbers represent the ensemble standard deviation of all
modeled values). The difference of 6.2 Tg S (or 7% of global
emissions) is within �1 standard deviation of the two estimates
and is due to many of the TF HTAP models not being internally
mass consistent and to inherent uncertainties in the models
(HTAP, 2010). Mass inconsistency was confirmed for several
models by comparing global emission totals to global deposition
totals, with differences between the two falling in the range
of þ0.8% to�16.6% relative to the emission totals. Other sources
of uncertainty include post-processing errors in the reported
emissions, systematic uncertainties in the ensemble-mean
averaging, and errors associated with the integration processes
for the combined set of S species.

� Although non-coastal continental areas constituted only 26.3%
of the global surface area, in 2001 they were estimated to have
emitted 55.4% of the global S emissions and to have received
47.4% of the global S total deposition. The coastal zones consti-
tuted only 14.1% of the global area but emitted 23.5% of the S
emissions and received 22.1% of the total deposition. Finally, the
non-coastal ocean areas comprised 59.5% of the global surface
area but emitted only 21.1% of the global emissions and received
30.5% of the global S total deposition.

� The total deposition of S to the non-coastal continental areas
was highest in Asia (21.1% of global S deposition), Europe (9.6%)
and North America (8.7%) and lowest in Oceania (1.1%) and
Antarctica (0.1%) e a ranking consistent with the continent
rankings of S emissions. The continental coastal zones were
ranked in the same order, with Asia, Europe and North America
accounting for 8.6%, 4.6%, and 3.6% of the global deposition,
respectively. For the non-coastal oceanic areas, total deposition
of S was greatest over the north Pacific (10.0%), the North
Fig. 3.9. Measured 3-year average annual precipitation-weighted mean concentrations of S i
maximum values on the color scales correspond to the minimum and maximum measured
Atlantic (6.2%) and the South Pacific (5.5%) and lowest over to
the Southern Ocean (0.7%) and Arctic Ocean (0.3%). Total
deposition of S to the non-coastal þ coastal continental areas
was highest in Asia at 29.7% of the global total e over double
that to the next highest continent of Europe at 14.2% of the
global total.

� Transport of continental and coastal zone S emissions appears to
be an important source of atmospheric S input to the open
oceans. For example, the modeled pattern of total deposition in
Fig. 3.8a shows areas of high S total deposition extending into
the oceans off the east coasts of North America, India and East
Asia. Quantitative estimates of the amounts transported and
deposited to the oceans were made in a manner similar to
Galloway et al. (2004) by calculating the net export of S from the
continental non-coastal and coastal areas to the non-coastal
oceans (and vice versa for the import to the oceans) as the dif-
ference between the area-integrated emissions and estimated
total deposition. The calculations indicate that, on a global scale,
the export of S from the non-coastal continental and coastal
areas to the non-coastal oceans was 12.9 Tg S and the import to
the non-coastal oceans was roughly 6.7 Tg S. The difference of
6.2 Tg S represents the inherent uncertainty in the global mass
balance estimates due to mass inconsistencies in several of the
HTAP models.

Overall, the 2001 HTAP ensemble-mean model results indicate
that the total deposition of S was highest in East Asia, Europe and
eastern North America and lowest to the Southern and Arctic
Oceans (Fig. 3.8a). They also suggest that between 15 and 50% of the
S that was deposited on the non-coastal oceanic areas was of
continental and coastal origin.

Comparing our global S deposition values to those of the 2000
ACCENT model comparison reported by Dentener et al. (2006), the
global totals are within 4% of each other (i.e., 84.8 versus 81.8 Tg S,
respectively). This difference is likely due to model and emission
inventory differences between the two studies.

3.6. Regional aspects of S deposition

3.6.1. North America

3.6.1.1. Precipitation-weighted mean concentrations and wet depo-
sition of S. The measurement-based average annual precipitation-
weighted mean S concentrations in North America for the periods
2000e2002 and 2005e2007 are shown in Fig. 3.9a and b,
n precipitation (in mg S L�1) for (a) 2000e2002 and (b) 2005e2007. The minimum and
values.
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respectively. No sea salt corrections were made to these data. The
patterns differ from the global patterns shown earlier in that they
show interpolated contours over areas with sufficient measure-
ment site density. Given the paucity of measurement sites in
western Canada, deposition values in this geographical area are
shown as colored circles instead of contours.

The highest S concentrations in precipitation in both periods
occurred in the area of the U.S. northeast and Canadian southeast
adjacent to Lakes Erie and Ontario. This area had (and still has) the
highest S emissions in the U.S., largely due to a large number of
electrical generating sources and major urban centers in the Mid-
west and east coast of the U.S. as well as in southern Ontario and
southern Quebec, Canada. Concentrations in the central and
eastern parts of the continent ranged from 0.30 to 0.81 mg S L�1 in
2000e2002 and 0.30e0.68 mg S L�1 in 2005e2007 while con-
centrations in the western part of the continent were considerably
lower, ranging from 0.03 to 0.50 mg S L�1 in 2000e2002 and 0.02e
0.50 mg S L�1 in 2005e2007.

The measurement-based 3-year-mean annual wet deposition
patterns of S for 2000e2002 and 2005e2007 are shown in
Fig. 3.10a and b. Wet deposition estimates of S differ considerably
between the eastern and western halves of North America.
Considering the 2.0 kg S ha�1 a�1 isopleth as a rough boundary
between east and west, wet deposition in the west was consider-
ably lower with values of 0.1e2.0 kg S ha�1 a�1 in both periods than
in the east with values of 2.0e8.5 kg S ha�1 a�1 in 2000e2002 and
2.0e7.8 kg S ha�1 a�1 in 2005e2007. As was the case with the
spatial pattern of precipitation-weighted mean concentrations of S
(Fig. 3.9a,b), the area of highest S wet deposition occurred on both
sides of the CanadaeU.S. border in the vicinity of Lakes Erie and
Ontario where the pattern resembles an elongated bullseye
stretched along a southwest to northeast axis with deposition
ranging from 6.0 to 8.5 kg S ha�1 a�1. From the center of the
bullseye, wet deposition decreases along a gradient to values as low
as 1 kg S ha�1 a�1 in Newfoundland and Labrador and northwestern
Ontario (Canada) and 2.0e3.0 kg S ha�1 a�1 in southern/central
Texas (U.S.) and 3.0e4.0 kg S ha�1 a�1 in Florida (U.S.).

The low density or complete lack of measurement data over
large areas of North America makes the combination of measure-
ment and model results particularly useful for assessing the con-
tinental pattern of wet deposition. Fig. 3.11a shows the 2001
ensemble-mean wet deposition pattern of nssS combined with the
3-year average annual wet deposition measurement values for
2000e2002 and Fig. 3.11b shows the associated scatterplot. The
Fig. 3.10. 3-year mean annual wet deposition of S (in kg S ha�1 a
overall measurement-model comparability was quite good with a
high correlation (r ¼ 0.916; n ¼ 270 grid squares) and uniform
scatter of all points about the 1:1 line. The modeled pattern
captures the measured area of highest wet deposition in eastern
North America (eastern U.S. and southeastern Canada) but, in
general, slightly overestimates the measured values in the eastern
and western U.S.

The comparability between themodel andmeasurement results
provides reasonable comfort that the model-based pattern can be
used to interpolate between measurement sites and to extrapolate
to the areas where no measurements exist. In light of the latter, the
model results suggest that a secondary hot spot of wet deposition
(of 4.0e6.0 kg S ha�1 a�1) exists in central Mexico in the vicinity of
Mexico City, and that moderately high values (of 2.0e
4.0 kg S ha�1 a�1) exist in eastern Mexico, the Gulf of Mexico and
over the Atlantic Ocean. While regional-scale measurements were
not available from Mexico to confirm the wet deposition hotspot
modeled around Mexico City, the associated modeled hotspot of
precipitation-weighted mean concentration, with grid square
values ranging from 0.4 to 1.0 mg S L�1 in Fig. 3.11a, was confirmed
by on-site concentration measurements of 1.0 mg S L�1 in Mexico
City in 2001e2002 published by Baez et al. (2007) and 0.9 mg S L�1

at a site 80 km fromMexico City published by Garcia et al. (2006). In
most of western and northern Canada and the western U.S., the
modeled pattern shows the same large area of low S wet deposition
as the measurements with wet deposition estimates of
<1.0 kg S ha�1 a�1 with the exception of the high emission areas of
southwestern British Columbia, Alberta and Washington State.
Further measurement-model comparison statistics are available in
Addendum Table S3.

3.6.1.2. Dry deposition of S. North America is one of four continents
that provided measurement-based inferential dry deposition es-
timates. The inferential estimates were made at regionally repre-
sentative measurement sites of the United States Clean Air Status
and Trends Network (CASTNET) and the Canadian Air and Precip-
itation Monitoring Network (CAPMoN). Schwede et al. (2011)
determined that SO2 and HNO3 concentrations measured by the
two networks are reasonably comparable (i.e., between-network
median percent differences of 4.2% and 18.5% for SO2 and HNO3,
respectively; CAPMoN higher), but the modeled dry deposition
velocities and fluxes from the inferential models are markedly
different. For example, the median % difference between the two
countries’ estimated inferential SO2 dry deposition fluxes was
�1) in North America for (a) 2000e2002 and (b) 2005e2007.

mailto:Image of Fig. 3.10|tif


Fig. 3.11. (a) 2001 ensemble-mean model pattern of wet deposition of nssS combined with measured 3-year average annual wet deposition values for the period 2000e2002 (in
kg S ha�1 a�1) and (b) scatterplot of measured versus modeled values.
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quantified at 53.8% (CAPMoN higher). These differences were
attributed predominantly to differences in the estimated dry
deposition velocities, where the median % difference for SO2 was
49.3% (CAPMoN higher). The authors found that non-stomatal
(ground and cuticle) resistance parameterizations in the two
inferential models were the main cause of the differences in the
SO2 dry deposition velocities. Particle-SO4

2- dry deposition veloc-
ities and fluxes were not considered in Schwede et al. (2011) and
their between-country comparability has not been quantified to
date.

Since true values of S dry deposition are not available in North
America, it is not possible to determine which of the two net-
works’ inferential dry deposition estimates is more accurate. A
rough indication of the relative accuracy of the two models is
given in Mitchell et al. (2011) who published watershed mass
balance results for 15 watersheds in eastern Canada and the
eastern U.S. For the 15 watersheds, the authors determined that
the Canadian dry deposition estimates produced a lower average
discrepancy between the atmospheric input of S and the total
water discharge of S than did the U.S. estimates (i.e., the Canadian
discrepancy was �2.2 kg ha�1 a�1 while the U.S. discrepancy was
�3.5 kg ha�1 a�1). While this suggests better accuracy of the Ca-
nadian inferential estimates, it is not conclusive because the
input-discharge discrepancies might be real and related to the
geochemical processes that affect the watersheds, e.g., mineral
weathering and the mineralization of organic sulfur. Given the
unknown accuracy of the models, the inferential dry deposition
estimates of both Canada and the U.S. are included and merged
here to represent the state-of-the-science in dry deposition esti-
mation in North America.

The spatial pattern of S dry deposition (SO2eS plus SO4
2�eS) for

the 2000e2002 period is shown in Fig. 3.12a as the 2001 HTAP
ensemble-mean nssS dry deposition map with the 2000e2002
average annual CASTNET and CAPMoN measurement-based
inferential S values superimposed. The associated scatterplot is
shown as Fig. 3.12b and the 2005e2007 period measurement-
based inferential results are shown in Fig. 3.12c. The measured
dry deposition values include ssS while the HTAP modeled values
do not. This has minimal effect on the comparability since only a
few sites are located within 100 km of salt water and the relative
contribution of particle-SO4

2� deposition compared to gaseous
SO2eS is very low.

The inferential dry deposition estimates of S (both model-
and measurement-based) are markedly lower in western North
America than in eastern North America in both periods, e.g., in the
2005e2007 period, the measurement-based inferential dry depo-
sition S fluxes at most sites in the western U.S. were
�0.5 kg S ha�1 a�1 compared to 0.5e11.0 kg S ha�1 a�1 in the
eastern U.S.. In Canada, the fluxes at the twowestern Canadian sites
were 0.8 and 1.6 kg S ha�1 a�1 (notably higher than at sites in the
western U.S.) and, at the 8 eastern sites, ranged between
0.7 kg S ha�1 a�1 in the remote north and 4.5 kg S ha�1 a�1 in the
populated industrialized south. In both periods, the maximum
measurement-based inferential dry deposition on the continent
(both model- and measurement-based) occurred in the high SO2
emission area of the U.S. northeast where the model-based dry
deposition ranged from 10.0 to 16.0 kg S ha�1 a�1. Two secondary
hot spots of dry deposition were projected by the models, one in
east Texas and the other around Mexico City with dry deposition
ranging from 6.0 to 10.0 kg S ha�1 a�1. The lowest modeled dry
deposition estimates on the continent were <0.05 kg S ha�1 a�1 in
northern Canada.

Although the ensemble-mean modeled pattern and
measurement-based inferential S dry deposition in 2000e2002
(Fig. 3.12a) are well-correlated (r ¼ 0.838; n ¼ 71 grid squares),
the modeled values are considerably higher than the measured
values (average model-measured difference ¼ 3.67 kg S ha�1 a�1).
This is due mainly to higher modeled values of SO2eS dry
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Fig. 3.12. (a) The 2001 ensemble-mean modeled pattern of dry deposition and measurement-based inferential estimates of 2000e2002 3-year average annual dry deposition of S
including SO2eS and SO4

2�eS in kg S ha�1 a�1; (b) associated scatterplot of measured versus modeled (grid square) values; (c) measurement-based inferential 2005e2007 3-year
average annual dry deposition of S in kg S ha�1 a�1.
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deposition in the eastern U.S. where the average model-measured
difference was 5.1 kg S ha�1 a�1 (versus 2.0 in eastern Canada). In
the high emission area of the Ohio River Valley, the modeled
values were as much as 200e300% times greater than the
measurement-based inferential values (the same is true at the
two sites in southern Ontario/Quebec in Canada). Since there are
no direct dry deposition measurement data against which to
compare the inferential dry deposition estimates, it is not
possible to say which of the two inferential models is more ac-
curate. Also unknown is whether the model-measurement dif-
ferences are due to differences in ambient concentration
measurements or estimated dry deposition velocities, and
whether the HTAP model results are more accurate than the
inferential results.

mailto:Image of Fig. 3.12|tif


R. Vet et al. / Atmospheric Environment 93 (2014) 3e100 23
In spite of the foregoing uncertainties, the HTAP and inferential
results have been merged in Fig. 3.12a to give the best-available
estimates. The poor model-measurement comparability in
Fig. 3.12b (i.e., modeled values > measurement-based inferential
estimates) is due to a number of factors including uncertainties in
the measurement-based inferential estimates and the dry deposi-
tion parameterizations of the HTAP and inferential models, plus the
Fig. 3.13. (a) The 2001 ensemble-mean modeled pattern of total deposition of S with mea
terplot of measured versus modeled (grid square average) values, (c) 2005e2007 measurem
fact that modeled values are derived from grid square average
emissions and concentration values while the measurement data
apply to a single point typically located > 50 km from large emis-
sion sources.

3.6.1.3. Total deposition of S. The 2000e2002 S total deposition
results are shown in Fig. 3.13a and b, and for 2005e2007 in
surement-based 2000e2002 3-year average annual estimates, (b) the associated scat-
ent-based 3-year average annual estimates.
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Fig. 3.13c. The spatial patterns of the 2001 modeled and 2000e
2002 measurement-based results are quite similar, with a
measurement-versus-model correlation of r¼ 0.916 for n¼ 60. The
area of maximum total deposition occurs in the high S emission
area that extends northward from Tennessee (U.S.) to southern
Ontario (Canada), and westward from Illinois to New Jersey. The
lowest deposition appears in the western U.S. and western/north-
ern Canada. The measurement-based 3-year-average annual total
deposition in 2000e2002 ranged from 0.4e3.8 kg S ha�1 a�1 in
western North America to 1.8e21.5 kg S ha�1 a�1 in eastern North
America and in 2005e2007 from 0.3 to 2.9 and 2.0 to
20.9 kg S ha�1 a�1, respectively. The model-based estimates in 2001
ranged from a low of 0.4 kg S ha�1 a�1 in the west to a high of
22.6 kg S ha�1 a�1 in the east. Consistent with the patterns of wet
and dry deposition, the total deposition pattern has the appearance
of an elongated bullseye stretched along a southwest to northeast
axis with secondary maxima in east Texas and central Mexico.
Lowest continental levels of total deposition appear north of the
56th parallel in northern Canada with values <1 kg S ha�1 a�1.

While the spatial patterns have similar shapes, the model-based
total deposition estimates are systematically higher than the
measurement-based estimates, due in large part to the systemati-
cally higher modeled dry deposition of SO2 shown in Fig. 3.13a. As
was the case with dry deposition, the largest measurement-model
differences appear in the U.S. and at two sites in the high deposition
area of eastern Canada; interestingly, the measurement and
modeled values are roughly equal at the other 8 sites in Canada as
Fig. 3.14. Annual wet nssS deposition over North
seen in Fig. 3.13b. Considering the U.S. only, the measurement-
based total deposition values are roughly 64% of the modeled
values. It is not known whether the U.S. or Canadian flux estimates
are more accurate. The better agreement of the Canadian flux es-
timates relative to the HTAP modeled estimates (outside the high
deposition area) could be due to two factors: (1) better agreement
between the HTAP ensemble-mean and CAPMoN-based inferential
dry deposition velocity models (see discussion above) and (2) a
lesser contribution of dry deposition to total deposition throughout
the lower deposition Canadian domain.

3.6.1.4. Changes in S deposition over time due to changing SO2

emissions. Anthropogenic SO2 emissions in the U.S. and Canada
decreased steadily from 1990 to 2007 in response to emission
reduction programs according to documented emissions in both
countries (IJC, 2010). In the U.S., SO2 emissions declined 44% from
20.935 MT in 1990 to 11.757 MT in 2007 while emissions in Canada
declined by 41%, from 3.201 MT to 1.905 MT (IJC, 2010). The largest
emission decreases in both countries took place in the highest
emission areas of the eastern U.S. and southeastern Canada. The
decline in emissions resulted in a marked decline in nssS concen-
trations in air and precipitation and in nssS wet deposition in the
eastern half of the continent e documented for the period from the
early-1990s to the early-2000s by Holland et al. (1999), Sickles and
Shadwick (2007), Lynch et al. (2000), Vet et al. (2005), Lehmann
et al. (2005, 2007). Fig. 3.14aec extend this period to 2007 by
showing the annual wet deposition maps for 1990, 2000 and 2007
America in: (a) 1990, (b) 2000, and (c) 2007.
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Fig. 3.15. Percent (%) change in measurement-based 3-year averages of S total deposition from 2000e2002 to 2005e2007 calculated as 100(D2005e2007 � D2000e2002)/D2000e2002.
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which clearly illustrate that the emission reductions led to mark-
edly lower wet deposition levels in the eastern half of the conti-
nent. These figures are consistent with Fig. 3.5a,b that show the
global % changes of wet deposition from 2000e2002 to 2005e2007
inwhich>65% of North American sites showed decreases from 0 to
42%. Two of the most visible manifestations of the wet deposition
declines are (1) the decrease of the continental maximum
measured wet deposition from 14.9 kg S ha�1 a�1 in 1990 to
9.4 kg S ha�1 a�1 in 2007 and (2) the decreasing area encompassed
by the 7 kg S ha�1 a�1 isopleth from 1658.8 � 103 km2 in 1990 to
326.1 � 103 km2 in 2000 and further to 51.4 � 103 km2 in 2007.

Although based on more limited spatial coverage and site den-
sity than the wet deposition measurements, the total deposition
estimates also showed a direct response to declining S emissions in
the 2000s. Fig. 3.15 shows the % reduction of S total deposition at
U.S. CASTNET and NADP sites and Canadian CAPMoN sites between
2000e2002 and 2005e2007. Sites in the western half of the
continent showed reductions of total deposition between 0 and
29% (with the exception of 3 sites that showed increases) while
sites in the eastern half showed reductions between 0 and 22%
(with the exception of 3 sites that showed increases).

The decreases in measured North American precipitation-
weighted mean concentrations, wet deposition and total deposi-
tion point to the success of Canadian and U.S. sulfur emission
reduction programs.

3.6.2. South America
3.6.2.1. Precipitation-weighted mean concentrations and wet depo-
sition of S. Relative to other continents (except Oceania), South
America has comparatively low S emissions. For example, the 2001
annual emissions were estimated at 3.3� 0.8 Tg S a�1 (Table 2) with
highest emissions occurring in the urban and industrial areas of
Chile and Colombia (Fig. 3.1). In the last 30 years, most countries in
South America underwent unprecedented population movement
from rural areas to the major urban centers, the consequence of
whichwas an increase in pollution levels in the urban atmospheres.
This, in turn, led to precipitation chemistry monitoring studies
focused on urban and industrial areas with only a few focused on
regionally representative sites (see literature review at the begin-
ning of this section). The urban/industrial studies are diverse in
nature, covering a broad range of long-term and short-term pe-
riods, urban and industrial site locations, wet-only and bulk sam-
pling methods, and different statistical metrics (e.g., arithmetic
mean, precipitation-weighted mean). Overall, the urban and in-
dustrial concentrations of S in precipitation reported in the litera-
ture range from <0.1 mg S L�1e3.8 mg S L�1 (Pelicho et al., 2006;
Klockow et al., 1997 as cited in Forti et al., 2001; Fornaro and Gutz,
2006; Forti et al., 2005). The largest number of studies were carried
out in and around the urban area of Sao Paulo, Brazil (Fornaro and
Gutz, 2006; Forti et al., 2005).

The few regionally representative studies that have been pub-
lished report on precipitation chemistry measurements in
Venezuela, Uruguay and Brazil (in the latter case, mostly in Ama-
zonia). Zunckel et al. (2003) reported arithmetic mean concentra-
tions at three regionally representative sites in northeast Uruguay
of 1.01, 0.82 and 0.24 mg S L�1 in 1999 and 2000. Morales et al.
(2001a) reported annual precipitation-weighted mean concentra-
tions at a number of rural sites in the Maracaibo Lake Basin of
Venezuela in the same range, from 0.35 mg S L�1 in 1995e96
(Morales et al., 2001b as cited in Morales et al., 2001a) to
1.07 mg S L�1 in 1988e89 (Morales et al., 1995, 1998 as cited in
Morales et al., 2001a). Lara et al. (2001) reported wet-only mea-
surement values at a rural site in the Piracicaba River Basin of
southeast Brazil of 0.3 mg S L�1 in 1997e1998. These values are
higher than the remote background concentrations of 0.04 (1985)
to 0.08 (1990e92) mg S L�1 reported in east Venezuela by Morales
et al. (2001a) and of <0.1 mg S L�1 mg S L�1 in Amazonia, Brazil
reported by Forti et al. (2000), Lesack and Melack (1991) and
Pauliquevis et al. (2012).

For this assessment, data were included from the one
regionally-representative monitoring site in South America (Brazil)
that met our time period restrictions and quality acceptance
criteria. The precipitation-weighted mean concentration and wet
deposition values, as provided by C. Forti (personal communica-
tion, April 29, 2010), appear in Fig. 3.6a and b and were measured
at a forest site in eastern Brazil (Cunha) for the period 1999 to
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2001. The precipitation-weighted mean concentrations of S and
nssS at Cunha were 0.162 mg S L�1 and 0.133 mg nssS L�1,
respectively, where the concentration is very close to the modeled
grid cell value in that area (see Fig. 3.6b) and consistent with the
modeled deposition hot spot in southeast Brazil. The sparse
amount of data on the continent makes it necessary to use the
HTAP model results to understand the concentration pattern
across South America. To that end, the pattern (see Fig. 3.6a)
closely resembles the pattern of S emissions (Fig. 3.1), with low
concentrations in the range of <0.04 mg S L�1 in the remote areas
of Amazonia and southern Argentina and high concentrations in
the range of 0.1e1.0 mg S L�1 in Colombia, northern Chile,
southeastern Brazil and northern Argentina (with an extension
into the eastern Pacific Ocean). The lowest concentrations on the
continent are in the same range as concentrations in other remote
areas of the world.

The measured wet deposition of S and nssS (Fig. 3.6c) at Cunha
were 3.34 kg S ha�1 a�1 and 2.73 kg nssS ha�1 a�1, respectively. The
nssS value compares well to the modeled nssS grid square value in
Fig. 3.6d. The modeled pattern shows low wet deposition of 0.2e
1.0 kg S ha�1 a�1 everywhere on the continent except in the
northwest and central areas where values varied from 1.0 to >

6.0 kg S ha�1 a�1. The highest modeled wet deposition value was
6.3 kg S ha�1 a�1 in the very high emission area of Colombia. At a
remote site in central Amazonia, Pauliquevis et al. (2012) reported
annual deposition values of 1.5 kg ssS ha�1 a�1 and
1.2 kg nssS ha�1 a�1 over a 3.5 year period between 1998 and 2001.
3.6.2.2. Dry deposition of S. The absence of measurement-based
inferential dry deposition estimates in South America makes it
necessary to evaluate the continental pattern of dry deposition
based solely on the 2001 HTAP ensemble-mean modeling results
(Fig. 3.7a). Again not surprisingly, the South American dry deposi-
tion pattern closely mimics the S emission pattern (Fig. 3.1) with
the highest fluxes occurring in the 6.4e7.5 kg S ha�1a�1 range in
Bolivia and northern Chile and the lowest fluxes in the 0.1e0.5 kg S
ha a�1 range in the low emission areas (i.e., emissions
<2 kg S ha�1 a�1). Minimum modeled deposition occurs in the
Amazon region of Brazil at 0.1 kg S ha�1 a�1. Fig. 3.7b suggests that S
dry deposition (i.e., SO2eS plus p-SO4

2�-S) is dominated by SO2 dry
Fig. 3.16. (a) Measured and modeled precipitation-weighted mean concentration of nssS in
for the period 2005e2007 (units in mg S L�1).
deposition with contributions greater than 60% over most of the
continent and greater than 85% in the high SO2 emission areas.

3.6.2.3. Total deposition of S. As above, the discussion of total
deposition of S must be based on the HTAP modeling results; the
modeled pattern (Fig. 3.8a) closely resembles the S emission
pattern. Highest fluxes of 8.8e10.4 kg S ha�1 a�1 are projected in
the high emission areas of Bolivia, Chile and Colombia and lowest
fluxes of 0.3e0.4 kg S ha�1 a�1 are projected in southern Argentina
and Amazonia (the latter being slightly higher). In the high emis-
sion areas (emissions >4 kg S ha�1 a�1), total deposition ranges
from 2.0 to 10.4 kg S ha�1 a�1 while, in the central, northwestern
coastal and northeastern coastal regions (including the coastal
outflow regions), the fluxes vary from 1.0 to 2.0 kg S ha�1 a�1.

3.6.3. Europe
3.6.3.1. Precipitation-weighted mean concentrations and wet depo-
sition of S. Europe has an extensive network of wet deposition
measurements from the EMEP programme and a few national
programmes as described in Addendum Table S1. The
measurement-based 3-year annual precipitation-weighted mean
concentration patterns of nssS for 2000e2002 and 2005e2007 are
shown in Fig. 3.16a and b, respectively, and for wet deposition in
Fig. 3.17a and c. Concentration measurements from the earlier
period are superimposed on the isopleth map of the 2001 HTAP
model estimates. For S concentration and deposition maps that
include ssS, the reader is referred to the figures and discussions in
the global section.

Highest concentrations of about 1.9 mg S L�1 occurred in the
first period and 1.2 mg S L�1 in the second period in Serbia in
eastern Europe, with a few hotspots elsewhere such as Spain and
Turkey. The lowest concentrations (w0.1 mg S L�1) occurred in
Scandinavia. The spatial patterns of nssS concentration and wet
deposition in Europe share similar shapes. However, large varia-
tions in annual precipitation depth, related to coastal and topo-
graphical effects, result in localized heavy wet deposition. For
example, sites in southern Norway and the region around the Alps
experienced high wet deposition due to high annual precipitation
depths (150e250 cm). The highest wet deposition levels appear in
the southern part of eastern Europe, with values of about
Europe for 2000e2002 and (b) measured precipitation-weighted mean concentrations
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Fig. 3.17. (a) Measured and modeled wet deposition of nssS in Europe for 2000e2002 with (b) associated scatterplot of measured versus modeled (grid square) values, and (c)
measured wet deposition for 2005e2007 in kg S ha�1 a�1.
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10.0 kg S ha�1 a�1. The lowest wet deposition levels occur in
Northern Scandinavia and northwest of the British Isles, with
deposition < 2.0 kg S ha�1 a�1. Some sites in Hungary, Russian
Federation, and Spain with high S concentrations have relatively
low annual precipitation (about 30e50 cm a�1) and therefore
experience lowwet deposition levels. The model presents a general
picture consistent with the measurements, but does not capture
many of the finer scale effects resolved by the measurements
(Fig. 3.17b).

There are obvious gaps in the monitoring networks in Eastern
and Southeastern Europe. Some additional national measurements
relevant for assessing deposition in these areas include: the Bere-
zinsky Biosphere Reserve site in Belarus (Sanets and Chuduk,
2005), which had an average deposition of 5.6 kg S ha�1 a�1,
equivalent to the EMEP site in Belarus; the Romanian site in the
forested area of the Retezeat Mountains, which had an average
deposition of 4.7 kg S ha�1 a�1 for 2000e2002 (Bytnerowicz et al.,
2005); and a site in the Carpathian Mountains in Ukraine with
about 8 kg S ha�1 a�1 in 2008 (Oulehle et al., 2010). These results
are in agreement with the spatial pattern shown by the HTAP
model in Fig 3.17a.

3.6.3.2. Dry deposition of S. Dry deposition of S is not measured on
a large scale in Europe. However, there have been a number of
national and regional studies of dry deposition using either
advanced micrometeorological flux measurements or more long
term deposition monitoring using measured air concentrations
combined with inferential models. For example, in a forested area
near the German/Czech border, an average S deposition
(SO2 þ particulate SO4

2�) of 10.1 kg S ha�1 a�1 was estimated using
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the inferential technique for 2002e2004 (Zimmermann et al.,
2006). Perhaps the longest time series of dry deposition measure-
ments anywhere in Europe exists in the UK, where SO2 fluxes have
beenmonitored continuously since themid 1990’s at two rural sites
(Fowler et al., 2005, 2009). The average dry deposition of SO2 at the
site Auchencorth Moss in Scotland was 0.5 � 0.2 kg S ha�1 a�1 in
the period 1995e2006. Of special note with these long term mea-
surements was the observation of an increase in the deposition
velocity of SO2 with time caused by a reduction in canopy resis-
tance. The change in canopy resistance was attributed to a long
term change in concentration ratios of SO2:NH3 related to ambient
SO2 concentrations decreasing faster than NH3 concentrations
(Fowler, 2009).

Dry deposition of S from the HTAP ensemble-mean model
pattern (Fig. 3.7a) shows a clear gradient away from the highest
flux areas in Southeastern Europe and parts of Poland. The highest
HTAP dry deposition levels in 2001 were about 20.0 kg S ha�1 a�1

in 2001 and the lowest were <1 kg S ha�1 a�1 in Scandinavia.
Further, the HTAP results show evidence of ship emissions around
the English Channel. The coarse nature of the HTAP ensemble
average model does not resolve the ship emissions along the
coastlines of Southern Europe; however, in the Mediterranean and
the Atlantic these emissions can be seen in other models with a
finer resolution (i.e. Benedictow et al., 2009). The HTAP model
results indicate that more than 85% of dry deposition of S in Europe
is due to SO2, with p-SO4

2� of minor importance (Fig. 3.7b), but
there are certainly regional differences and quite high un-
certainties in this estimate. Nevertheless, the air concentrations of
SO2 in the EMEP network (Hjellbrekke, 2003) show a spatial
pattern consistent with the dry deposition calculated by the HTAP
model, even the small but significant signal along the north-
western coast of Spain.

3.6.3.3. Total deposition of S. Europe has a large scale network for
routinely monitoring air concentrations that in principle could be
used for inferring spatial patterns of dry deposition, but this has not
been applied in a systematic way. An alternative approach for
determining total deposition is to measure bulk deposition under a
forest canopy, known as the throughfall method. This method can
be used for chemical species, such as S, that are not irreversibly
absorbed into the forest canopy. In Europe, ICP Forest coordinates a
network of nearly 250 forest plots where throughfall is measured
(Fischer and Lorenz, 2011; Lorenz and Granke, 2009). Throughfall S
measurements, corrected for ssS, have been averaged for the two
time periods, 2000e2002 and 2005e2007, and are shown in
Fig. 3.18a and b, respectively, with nssS deposition from the earlier
period superimposed on 2001 HTAP model pattern of total
deposition.

The ICP Forest monitoring network is very dense, especially in
Central Europe, and some outlying sites show relatively large dif-
ferences, suggesting that not all sites are regionally representative.
Nevertheless, the spatial pattern of S total deposition is similar in
shape to the HTAPmodel results. The highest total deposition levels
(>20.0 kg S ha�1 a�1) appear in East Central Europe, decreasing
toward Southeastern Europe and toward the northwest, around the
English Channel (Fig. 3.18a). Throughout much of Central Europe,
total deposition ranges between 10.0 and 20.0 kg S ha�1 a�1 and in
northern and Southwestern Europe, S deposition
is < 10.0 kg S ha�1 a�1. The lowest deposition levels are seen in
Scandinavia at about 1 kg S ha�1 a�1. Relatively high deposition
levels are seen in Bulgaria and Romania in 2000e2002, as shown by
the HTAPmodel results, and although therewere nomeasurements
in this region for that time period, the 2005e2007 data confirm
these enhanced levels. Similar results are reported in a study by
Oulehle et al. (2010) who estimated total deposition of around 10 kg
S ha�1 a�1 in the Carpathian Mountains in Ukraine and Romania in
2008.

The correlation between the model and grid-average through-
fall measurements is quite good with r ¼ 0.734, n ¼ 195, but the
model generally overestimates total deposition relative to the ICP
Forest throughfall measurements (Fig. 3.18b). The throughfall data
have been compared with the high resolution EMEP regional model
(Simpson et al., 2006) which shows better agreement than the
HTAP ensemble-meanmodel results shown here. As well, the EMEP
coarse resolution hemispheric model in our HTAP model ensemble
compared better with the ICP throughfall data than the HTAP
ensemble-mean (data not shown). An analysis suggests that the
better comparability of the EMEP models is due to higher estimates
of wet deposition in Europe by the EMEP model relative to the
HTAP ensemble-mean.

Based on HTAP model results (Fig. 3.8b), dry deposition con-
tributes more than wet deposition to total deposition in much of
Europe. The model results suggest that the dry deposition contri-
bution is highest in the United Kingdom and Spain, where it ac-
counts for >70% of the total deposition (Fig. 3.8b). In the Benelux
countries and Northern Germany, the contribution of dry deposi-
tion is>60%, while in Scandinavia, the Baltic countries, and Russian
Federation, wet deposition exceeds dry deposition. The reader
should be aware that the TF HTAP ensemble-meanmodeling results
may overpredict dry deposition and its % contribution to total
deposition in Europe. This is a reflection of the large variability in
the different models in the TF HTAP ensemble. This is illustrated by
the EMEP model, which suggests that dry deposition accounts for
<30% of total deposition over most of Eastern Europe and Scandi-
navia and from 15 to 50% over most of Western Europe. Fig. 3.8
must therefore be interpreted with caution in Europe.

3.6.3.4. Changes in nssS deposition over time due to SO2 emission
changes. The spatial patterns of nssS wet deposition in 2000e2002
and 2005e2007 were roughly similar in shape (Fig. 3.17) but the
wet deposition levels were considerably lower (i.e., median
decrease of 23% for the 88 sites) in the latter period (Fig. 3.5b). Since
the median decrease of precipitation depth was only 5%, the
dominant cause of the lower wet deposition was the reduction in
nssS concentrations, which had a median decrease of 15%
(Fig. 3.5b). The decreases in wet deposition and concentration
levels were generally higher at sites with high concentrations
(Fig. 3.19). The wet deposition and concentration decreases were
attributable to major reductions in S emissions across Europe,
which were 24% lower in 2007 than in 2000 for the EMEP Parties
(EMEP/CEIP, 2012). On the other hand, ship emissions increased by
10% over the same period and offset some of the decreases in
anthropogenic S emissions on land, giving a net total emission
reduction of 17% for the whole region (EMEP/CEIP, 2012).

There have been large reductions in S emissions in Europe over
the last few decades. Most countries reduced their emissions by
more than 60% between 1990 and 2004 and a quarter of these
countries by more than 80% (Vestreng et al., 2007). Starting in the
late 1970s, emission control programs included a number of mea-
sures like installation of flue gas desulfurization units at power
plants and reduction of the sulfur content of fuel. However, it was
not until the change in political and economical systems in eastern
European countries that large reductions were observed (Lövblad
et al., 2004; Vestreng et al., 2007; Tørseth et al., 2012). Presently,
the largest source of SO2 emissions in Europe is power generation
(EMEP/CEIP, 2012). Ship emissions are of growing concern since
they have the potential to counteract the benefits of reduced land-
based anthropogenic emissions in several regions (Dore et al.,
2007). In 2009, the ship emissions accounted for about 15% of the
total emissions in Europe (EMEP/CEIP, 2012; Tørseth et al., 2012).



Fig. 3.18. (a) 3-year average (2000e2002) measured (by throughfall, ICP Forest) and 2001 modeled (by HTAP ensemble-mean) total deposition of nssS in Europe, (b) associated
scatter plot and (c) annual average measured (by throughfall) total deposition for the period 2005e2007 in units of kg S ha�1 a�1. Conditional data apply to sites with only two years
of measurements.
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Calculations have shown that in many coastal areas, ships will be
responsible for more than 50% of S deposition by 2020, although
expected emission controls on shipping (Cofala et al., 2007; Eyring
et al., 2010) as well as the newly adopted UN International Maritime
Organization (IMO) and European Union (EU) regulations
(European Parliament, 2012) could lower these estimates
considerably.

The EMEP monitoring results reflect the emission changes
throughout Europe (Tørseth et al., 2012). For thirty EMEP sites with
continuous measurements of S in air and precipitation since 1990,
the average decreases were 75% for SO2, and 56% and 64% for SO4

2�

in aerosol and precipitation, respectively, for the period 1990e2009
(Tørseth et al., 2012). It should be noted that sites with long term
measurements are mainly situated in the north, west, and central
parts of Europe and may not reflect the average trend over the
whole region. Nevertheless, the emission reduction over the whole
EMEP domain (including a large part of eastern Europe) was 65% for
the same 1990e2009 period (EMEP/CEIP, 2012; Tørseth et al.,
2012). The observation that SO2 decreased more than SO4

2� can be
explained in part by the oxidation of SO2 to SO4

2�. With the
oxidizing capacity of the atmosphere remaining unchanged and the
amount of SO2 available for oxidation growing smaller, the fraction
of atmospheric SO2 converted to SO4

2� increases. This results in a
larger decrease in SO2 concentrations than in SO4

2� concentrations.
In addition, the SO2 dry deposition rates may have changed during
the time period due to changes in ambient ammonia concentra-
tions which influence the sulfur dry deposition rates (Fowler, 2009
and references therein). The decreases in S wet and dry deposition
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Fig. 3.19. % Changes in nssS wet deposition, concentration and precipitation depth from 2000e2002 to 2005e2007 as a function of 2000e2002 concentrations (mg S L�1). Negative
% changes indicate lower values in the 2005e2007 time period.
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are also reflected in decreases in the size of the area receiving S wet
and dry deposition, thereby reducing the problems of acidification
due to sulfur deposition (Hettelingh et al., 2008).

3.6.4. Africa
Precipitation composition, wet deposition and dry deposition in

Africa have been monitored at various times since the late-1990s at
10 IDAF sites, seven of which are located in west and central Africa
and three in South Africa. These IDAF sites were specifically located
in different African ecosystems (Fig. 3.20), which provide land use
Fig. 3.20. Vegetation and location map of the 10 measurement stations
context for the discussion that follows. Unfortunately, large areas of
Africa have never been monitored routinely and S deposition is
largely unknown beyond the 10 IDAF sites.

3.6.4.1. Precipitation-weighted mean concentrations and wet depo-
sition of S. Spatial patterns of multiple-year averages of
precipitation-weighted mean concentrations of S are shown for the
periods 2000e2002 and 2005e2007 in Fig. 3.2. Five of the IDAF
measurement sites in west and central Africa operated for the 8
year period from 2000 to 2007 while the other two sites operated
of the IDAF network. (Vegetation map from Mayaux et al., 2003).

mailto:Image of Fig. 3.19|tif
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for only the 2005e2007 period. In the case of the three sites in
South Africa, Amersfoort and Louis Trichardt operated for the
period 1986e2000 and Skukuza for the period 1999e2002. Given
the scarcity of data in Africa, we chose (as for nitrogen) to discuss
the multi-year average precipitation-weighted mean concentra-
tions measured for the whole studied period at each of the sites. It
is worth noting that for the African sites, we have applied the
correction for sea-salt-sulfate (ssS) even if sites were located
further than 100 km of salt water bodies (see discussion below).

With respect to the various sites in west central Africa and their
respective time periods, the mean annual precipitation-weighted
concentrations of nssS ranged from a minimum of 0.10 to a
maximum of 0.93 mg S L�1. In the dry savannas, they varied from
0.09 to 0.12mg S L�1, in thewet savannas from 0.07 to 0.10mg S L�1

and, in the forest region theywere around 0.10mg S L�1. In contrast,
the precipitation-weighted mean concentrations at the South Af-
rican sites were higher, i.e., 0.93 mg S L�1 at Amersfoort in the
industrialized area, and around 0.24mg S L�1 in the dry savannas of
Louis Trichardt and Skukuza.

The dominant pathway of air masses influencing the IDAF sites
during the wet seasons was characterized based on back trajec-
tories calculated using the Hysplit model (http://www.arl.noaa.
gov/ready/hyspilt4.html) (Laouali et al., 2012; Mphepya et al.,
2004, 2006). Results clearly indicated that monsoonal air masses
coming from the Guinean Gulf rich in sea salt aerosols influence all
of the sites and explains a ‘marine signature’ measured in the
collected precipitation. The contribution of sea salt species to ion
composition in precipitation was evaluated for each IDAF site using
the Cl�/Naþ ratio and a global marine contribution was defined as
the sum of the sea salt contributions of Mg2þ, Ca2þ, Cl�, SO4

2� and
Kþ. At the South African sites, Mphepya et al. (2004, 2006)
demonstrated that the marine contribution (as defined previ-
ously) to the total ionic content of rainfall at Amersfoort, Louis
Trichardt and Skukuza was 11, 23 and 25%, respectively, while the
ssS contribution to measured S varied from 3% to 9% for Amersfoort
and Louis Trichardt, respectively. At the west central Africa sites,
the calculated marine contribution to total ion composition for the
dry savanna, wet savanna and forest sites ranged from 10 to 16%
and the ssS contribution to measured S ranged from 10 to 17%.

In west central Africa, a positive relationship exists between
SO4

2� and other non-marine species in precipitation including Ca2þ,
Kþ and Mg2þ (Yoboué et al., 2005; Sigha-Nkamdjou et al., 2003;
Galy-Lacaux et al., 2009; Laouali et al., 2012). This relationship
confirms that the particles coming from the North African desert
areas (Sahel and Sahara) and semiarid regions are probably the
most important mineral aerosol sources in Africa (Kaufman et al.,
2005). The dissolution of terrigenous soil dust species (calcite,
dolomite, gypsum and other key minerals such as illite, smectite,
palygorskite) that compose African dusts explain the enrichment of
Mg2þ, SO4

2� and Kþ (Avila et al., 1997). Thus, in addition to the
marine source, the SO4

2� content of west and central African pre-
cipitation is attributed to the terrigenous source. The decrease in
SO4

2� precipitation-weighted mean concentrations from dry sa-
vannas to forests is explained by the dust gradient across these
ecosystems considering the distance to the source. In South Africa,
Mphepya et al. (2004, 2006) found that SO4

2� in precipitation at the
three sites originates from soil dust, fossil fuel combustion and
industrial emissions from the Highveld. At the Amersfoort and
Louis Trichardt sites, NH4

þ, NO3
� and SO4

2� are highly correlated to
each other and can be attributed to anthropogenic pollution.
Assuming that the terrigenous SO4

2� contribution is in excess of that
supplied by gypsum (Delmas, 1981), Mphepya et al. (2004) deter-
mined that almost 80% of the SO4

2� measured at Amersfoort and
50% of that measured at Louis Trichardt originates from industries
in the Highveld (high altitude grassland region).
Spatial patterns of the 3-year average annual SO4
2�eS and

nssSO4
2�-S wet deposition values are shown for 2000e2002 and

2005e2007 on the global maps of Fig. 3.3. To help fill the large gaps
in measurements, we have chosen to include South African wet
deposition data for years prior to our standard 3-year averaging
periods. Wet deposition of S in west central Africa ranges from 0.61
to 6.2 kg S ha�1 a�1 for the periods indicated above. In terms of
African ecosystem types (Fig. 3.20), in west-central Africa, wet
deposition is low at the dry savanna sites (0.61e0.67 kg S ha�1 a�1)
and higher in the wet savanna and forest sites (0.68e
1.5 kg S ha�1 a�1) for the periods 2000e2002 and 2005e2007. In
South Africa, wet deposition at Amersfoort and Louis Trichardt
(1986e2000) and Skukuza (1999e2002) showed a positive
gradient of concentration from the central Highveld region north-
ward. Within this gradient, S wet deposition increased from a low
of 1.6 kg S ha�1 a�1 at Louis Trichardt to 1.9 kg S ha�1 a�1 at Sku-
kuza, to a maximum of about 6 kg S ha�1 a�1 at Amersfoort, which
is located in the industrialized Highveld and in the same general
area as a number of coal-fired power plants. In western and central
Africa, measurements indicate that dust particle composition
strongly influences wet SO4

2�eS deposition. This terrigenous S
source (i.e., SO4

2� contained in dust) is associated with a marine S
contribution and contributes an estimated 3e17% of wet deposi-
tion, thereby explaining a large part of the S content in rain and in
wet deposition. It is important to note that the dust emission
strength reaches its maximum in the dry season, and its minimum
in the wet season with the consequence that the mean annual
contribution of dust to S wet deposition is relatively low.

In a global context, concentrations and wet deposition of S in
west and central Africa are relatively low compared to other areas
of the world (Figs. 3.2 and 3.3) while in South Africa, they are
considerably higher due to anthropogenic activities, especially at
the Amersfoort site in the industrialized area (see emissions map in
Fig. 3.1). However, we should note that in the analysis of S depo-
sition, S chemistry in west and central Africa is less important
compared to nitrogen chemistry. In South Africa, S is more impor-
tant especially with higher SO2 concentrations influencing the
magnitude of S wet and dry deposition at all the sites.

Given the limited amount of data available in Africa, insight into
the spatial pattern of nssS wet deposition across the continent can
only be gained from the combined model-measurement global
map shown in Fig. 3.6. Fig. 3.6c and d show reasonably good
agreement between the modeled and measured nssS wet deposi-
tion values at the IDAF sites (r¼ 0.938; n¼ 7) and, although limited
to a few measurement sites, supports the general pattern of low
levels of wet deposition in most of west and central Africa with a
decreasing gradient from central to northern Africa following the
precipitation gradient. The highest simulated wet deposition is in
South Africa where the maximum (3.6 kg S ha�1 a�1) is located in
the high emission area in the Highveld. The HTAP simulation un-
derestimates the S wet deposition of 6.3 kg S ha�1 a�1 measured at
Amersfoort e located close to the industrial emissions - by a factor
of 2, although the measured and modeled periods are not exactly
the same.

3.6.4.2. Dry deposition of S. Dry deposition estimates at the African
sites were estimated using the inferential technique described in
Section 2. Ambient particle- SO4

2� concentrations weremeasured in
Banizoumbou from 1996 to 2004; Katibougou from 1999 to 2003
and in Lamto from 1998 to 2005. In South Africa, p-SO4

2� was
measured only during intensive periods of 15 days in the summer
and winter of 2005 and 2006 (Kleynhans et al., 2008). To estimate a
range of particle-sulfate dry deposition, we used two dry deposi-
tion velocities, namely, 0.1 and 0.2 cm s�1 according to Zhang et al.
(2009).

http://www.arl.noaa.gov/ready/hyspilt4.html
http://www.arl.noaa.gov/ready/hyspilt4.html
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The estimated mean annual deposition of p-SO4
2� in the semi-

arid and wet savanna regions of west and central Africa ranged
over the area from 0.1 to 0.3 kg S ha�1 a�1 and, in South Africa, from
0.5 to 1.1 kg S ha�1 a�1. In other words, estimated dry deposition of
p-SO4

2� is low and of the same order of magnitude in all ecosystems,
but are smaller by an order of magnitude than the wet S deposition.
SO2 dry deposition was estimated from monthly-integrated
measured concentrations of SO2 and monthly-average dry deposi-
tion velocities where the dry deposition velocities were estimated
using the method described in Section 2. The resulting monthly-
average dry deposition velocities for West Central Africa were:
dry savannas 0.4 cm s�1, wet savannas 0.6 cm s�1 and forest
0.9 cm s�1, and for South Africa, 0.4 and 0.5 cm s�1. SO2 concen-
trations at the west and central Africa sites and for South African
sites have been published, respectively, in Adon et al. (2010) and
Martins et al. (2007). The annual average SO2 concentrations for the
period 2002e2007 at the sites inwest central Africa and the period
1997e2005 at the sites in South Africa led to estimated annual dry
deposition SO2 fluxes ranging from 0.9 to 1.4 kg S ha�1 a�1 in west
central Africa and from 1.7 to 5.2 kg S ha�1 a�1 in South Africa.

Fig. 3.7a shows reasonably good agreement between the
modeled and measurement-based inferential S dry deposition
values (SO2 þ p-SO4

2�) at the IDAF sites (note, however, that the
modeled p-SO4

2� results do not include ssS while themeasurements
do). However, for the west and central African sites, the ensemble-
mean HTAP simulation gives a range of S dry deposition of 0.2e
1.0 kg S ha�1 a�1 e smaller by a factor 2 compared to the measured
values of 1.0e1.5 kg S ha�1 a�1 in the dry savannas. Higher dry
deposition is simulated in southern Africa with the maximum
located in the South African Highveld due to power plant emis-
sions, with comparable values between the modeled and
measurement-based inferential dry S fluxes (2e10 kg S ha�1 a�1).

On a continental scale, the HTAP model results (Fig. 3.7a) indi-
cate that S dry deposition levels are highest in the high emission
areas of South Africa (2e10 kg S ha�1 a�1), the Mediterranean and
Red Sea coasts (1e4 kg S ha�1 a�1), Zambia (1e4 kg S ha�1 a�1) and
the Atlantic coastal areas of Nigeria and Cameroon (0.5e
2 kg S ha�1 a�1). The highest SO2 emissions in the continent occur
in the South African Highveld, in Zambia and near Lagos in Nigeria
(Fig. 3.1). The main sources of these emissions are industrial ac-
tivities (e.g., power generation, metal smelting) in the south African
Vaal triangle, Lagos and industrial cities in the Copperbelt Mining-
Smelting Area of Zambia (Mihaljevi�c et al., 2011; Ncube et al., 2012;
Klimont et al., 2013; Smith et al., 2011; Liousse et al., 2013).

Dry deposition in these areas is highly efficient because gaseous
S dry deposition velocities are high in the forested areas present in
Zambia and Cameroon (Adon et al., 2013). The high S dry deposition
over the eastern Mediterranean and Red Sea coasts are linked to
high power production and industrial emissions in Egypt and Israel
(http://edgar.jrc.ec.europa.eu) and pollution transport from Europe
over the Mediterranean (Lelieveld et al., 2002). S dry deposition
levels in the rest of the continent are low e ranging from 0.1 to
1 kg S ha�1 a�1. Fig. 3.7b shows that themodeled dry deposition of S
is dominated by SO2 dry deposition in all of Africa except in the low
emission/low precipitation areas of the Sahara Desert and the Horn
of Africa. The measurement-based inferential dry deposition esti-
mates in west central Africa and South Africa corroborate this with
estimated contributions ranging from 76 to 90%.

3.6.4.3. Total deposition of S. The measurement-based estimates of
total deposition of S (different periods for each) were estimated to
be between 1.8 and 2.9 kg S ha�1 a�1 at the sites in West Central
Africa and between 4.0 and 12.0 kg S ha�1 a�1 at the sites in South
Africa. Based on these estimates, 45e60% of S total deposition is
contributed by dry deposition in the forest, dry and wet savannas.
In the forested ecosystem, wet deposition of nssS contributes more
(55%) to total deposition of S; this decreases towards the dry
savanna ecosystems where wet deposition contributes around 40%
of the total. In South Africa, dry deposition of S contributes 48 and
56% at the Amersfoort and Louis Trichardt sites, respectively.

The continental pattern of modeled total deposition is shown in
Fig. 3.8a. In north Africa, total deposition of S is very low in the
Saharan region, with values ranging from 0.2 to 1 kg S ha�1 a�1, and
higher (1e4 kg S ha�1 a�1) along the Mediterranean and Red Sea
coastlines. In central and southern Africa, the levels generally range
from 0.2 to 2 kg S ha�1 a�1 except in the high emission areas of
South Africa (2e10 kg S ha�1 a�1), Zambia (2e5 kg S ha�1 a�1) and
the Atlantic coastal areas of Nigeria and Cameroon (2e
5 kg S ha�1 a�1). The IDAF measurements in Mali and Niger give
values around 1e2 kg S ha�1 a�1, which are in the same range as the
modeled values. The IDAF measurement-based estimates at the 3
sites in South Africa are between 4 and 12 kg S ha�1 a�1. These
values are in a similar range (4e10 kg S ha�1 a�1) to the modeled
values. Again, the modeled values of total deposition do not include
the dry deposition of ssS but these values are known to be very low
as discussed above.

3.6.4.4. Changes to S deposition over time due to changing SO2

emissions. Changes to S wet deposition on the African continent are
difficult to discuss because of the limited availability of deposition
and emissions data. Only three of the IDAF monitoring sites, all of
which are located in west central Africa, had sufficient data to
calculate wet deposition changes from 2000-2002 to 2005e2007
(see Fig. 3.5). Between the two periods, Lamto (Republic of Côte
d’Ivoire) and Banizoumbou (Niger) measured increases of 20 and
34% while Katibougou (Mali) measured a decrease of 12.4%. Un-
fortunately, it was not possible to put these changes in the context
of changing S emissions in that area of the continent. In west and
central Africa (except in Nigeria), we assume that S emission
changes are related predominantly to annual variations in soil and
biomass burning, where the latter include the burning of forest,
grassland, and agricultural wastes (Macdonald et al., 2004; Arndt
et al., 1997). Overall, anthropogenic S emissions in Africa related
to thermal power stations, smelters, steel works, foundries, and
fertilizer plants, have generally been increasing throughout recent
decades (McCormick, 1997; UNEP, 2000). Moreover the rapid in-
crease of the population of many African cities increases the energy
demand and consequently S industrial emissions (Lamarque et al.,
2011). Clearly, the long term deposition data sets collected by the
IDAF program will be very important for quantifying the future
effects of S emission changes on deposition.

3.6.5. Asia
Asia is considered here to be the area encompassed by Iran in

the west to Japan in the east, and Russian Federation in the north to
Thailand in the south. The density of precipitation monitoring sites
throughout Asia is sparse, with no data available for this review
over large areas of the continent (see Section 2 for data sources).
The subsections that follow describe the available measurement-
based and model-based results for S in precipitation and deposi-
tion in Asia.

3.6.5.1. Precipitation-weighted mean concentrations and wet depo-
sition of S. The measurement-based 3-year average precipitation-
weighted mean concentration and wet deposition patterns of S
are shown for 2000e2002 and 2005e2007 in the global maps of
Figs. 3.2a,b and 3.3a,b, respectively. As expected from the pattern of
S emissions (Fig. 3.1), the precipitation-weighted mean concentra-
tions of S in precipitation and S wet deposition were highest in the
eastern part of the continent, viz., northeast India, northern

http://edgar.jrc.ec.europa.eu
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Vietnam, eastern China, the Republic of Korea and Japan (and nearby
seas). In 2000e2002, the 3-year average precipitation-weighted
mean concentrations in that area ranged from 0.5 mg S L�1 at the
edges to 3.2 mg S L�1 at the EANET site at Chongqing-Jinyunshan,
China and, in 2005e2007, from 0.5 to 4.6 mg S L�1 at Xi’an-Jiwozi
site in China. Wet deposition values in this area ranged from 5.0 to
34.9 kg S ha�1 a�1 at Tie Shan Ping (near Chongqing, China) in
2000e2002 and 5.0e49.8 kg S ha�1 a�1 in 2005e2007 with the
maxima occurring at Chongqing-Jinyunshan, China. In contrast to
the high values in eastern China, wet deposition in Japan and the
Republic of Korea was generally in the 5.0e15.0 kg S ha�1 a�1 range
and in India, in the 4.0e11.0 kg S ha�1 a�1 range. In India, the
maxima occurred at two locations: Mohanbari in northeast of India
and at Portblair, an island site. In both cases, the maxima were due
to very high precipitation depths.

Thewet deposition pattern over all of Asia is strongly influenced
by high precipitation depth, especially where S concentrations in
precipitation were comparatively low such as the northeast, east,
south and on the islands. The contribution of ssS to S wet deposi-
tion at coastal and island sites in Asia ranged from a low of 1.6% at
the Hoa Binh site in Vietnam in 2005e2007 to a high of 77% at the
Japanese island site of Hedo in 2000e2002.

Fig. 3.6c shows the 2000e2002 measured wet deposition of
nssS superimposed on the 2001 ensemble-mean modeled pattern
of wet deposition. As mentioned above, the modeled pattern fills
the gaps between the measurement sites and can be used to esti-
mate the values in those gaps on the assumption that the
measurement-model comparability is good. In Asia, the
measurement-to-model correlation coefficient (r) is 0.838 for
n ¼ 39 (Fig. 3.6d), with a tendency for the modeled values to
underpredict the measured values. Maximum modeled nssS wet
deposition of 17.0e20.4 kg S ha�1 a�1 appears in the high emission
area of eastern China e considerably lower than the maximum
measured values in Asia (and in the world) of 22.9, 34.3 and
34.9 kg S ha�1 a�1. The modeled results also indicate a broad area of
5e10 kg S ha�1 a�1 over other parts of eastern China as well as
north Vietnam, northeast India, Democratic People's Republic of
Korea, the Republic of Korea and Japan. Here, the model-
measurement comparison was quite good except at the EANET
Hedo site in Japan which had very high deposition. Low wet
deposition levels of <2 kg S ha�1 a�1 are modeled over most of
Russian Federation, Mongolia, western China and to the west of
India. The minimum modeled value of 0.15 kg S ha�1 a�1 occurred
in Saudi Arabia, no doubt associated with low rainfall amounts in
the area. Further measurement-model comparison statistics are
available in Addendum Table S3.

3.6.5.2. Dry deposition of S. Long-term network-based measure-
ments of dry deposition of S across Asia are not available. The only
long-term characterization of S (and nitrogen) dry deposition was
estimated for Japan (Endo et al., 2011; EANET, 2011) based on
measurements at 10 EANET sites from 2003 to 2008. Dry deposition
was calculated by the product of the air concentrations of SO2 and p-
SO4

2� measured biweekly via filter-pack, and deposition velocities
for forest and grass surfaces inferentially estimated by Matsuda
(2008). Five-year mean annual dry deposition amounts for S were
in the range of 1.6e11.8 kg S ha�1 a�1 with the highest concentra-
tions at sites near the Sea of Japan and Western Japan. SO2 was the
largest contributor at each site (w40e70%) with a relatively small
sea salt SO4

2�contribution. A review of the SO2 and particle-SO4
2� dry

deposition velocities published in Endo et al. (2011) indicated that
they had higher maximum values than the two North American
networks (CASTNET and CAPMoN) described in Section 3.6.1.

Some short-term measurement-based inferential estimates of
dry S deposition were also published for other parts of Asia
(Kominami et al., 2005; Kim et al., 2010). Kominami et al. (2005), for
example, indicated that in 2001, S dry deposition levels at EANET
sites throughout Asia (Russian Federation, Mongolia, Japan, China,
Vietnam, Phillipines, Thailand and Malaysia) ranged from 0.1 to
8.0 kg S ha�1 a�1 except for China were the range was from 20 to
40 kg S ha�1 a�1. Kim et al. (2010) estimated S dry deposition over
the Yellow Sea and coastal area for the period 1999e2000 using
ground, shipboard and aircraft ambient measurements. Annual dry
deposition of S over the Yellow Sea was 3.84 kg S ha�1 a�1.

The lack of long-term measurement-based inferential dry
deposition values makes it necessary to rely on the 2001 model-
based pattern of dry deposition, which is visible in the global
pattern of Fig. 3.7a. Not surprisingly, the pattern of S dry deposition
closely resembles the pattern of S emissions (Fig. 3.1). Modeled dry
deposition is highest (20e33 kg S ha�1 a�1) in eastern China and
second highest (10e20 kg S ha�1 a�1) in the Democratic People's
Republic of Korea, the Republic of Korea and over the Yellow and
South China Seas. Local hot spots, ranging from 2 to
10 kg S ha�1 a�1, appear in parts of western Asia and in most of
India and parts of Pakistan, Thailand, Vietnam and Japan. The area
of minimum dry deposition occurred in northern Russian Federa-
tion where values reached as low as 0.05 kg S ha�1 a�1 and in the
low precipitation, low emission areas of western China and
Mongolia. Fig. 3.7b suggests that SO2eS contributes > 50% of the
dry deposition of S over all of Asia except in the dry, low emission
areas of northwest China and western Mongolia where it contrib-
utes only 15e50%. In the high dry deposition areas of western Asia,
India, eastern China, the Democratic People's Republic of Korea, the
Republic of Korea, Japan and their surrounding seas, dry SO2eS
deposition is projected to be responsible for over 85% of the dry S
deposition.

3.6.5.3. Total deposition. Five-year mean annual total deposition of
S at EANET sites in Japan (Endo et al., 2011; EANET, 2011) was
estimated in the range of 9e24.6 kg S ha�1 a�1 and was higher in
the Sea of Japan and western Japan, and lower at Rashiri and
Ogasawara. The contribution of dry deposition to total deposition
was estimated to be 10e55%. Given the lack of measurement-based
inferential dry deposition estimates for the Asian continent, we
discuss here the 2001 HTAP model-based pattern of total deposi-
tion (Fig. 3.8a). The area of maximum total deposition (40.0e
50.2 kg S ha�1 a�1) occurred in the high emission area of eastern
China with a secondary maximum (20e40 kg S ha�1 a�1) also in
eastern China and extending to the Democratic People’s Republic of
Korea and the Republic of Korea. The lowest total deposition
occurred in northern Russian Federation with values of
0.2 kg S ha�1 a�1 with a secondary minimum of 0.4e
1.0 kg S ha�1 a�1 in western China and Mongolia. Throughfall
measurements from the IMPACTS sites in China (see Addendum
Table S1) confirm the high deposition levels of S in this region,
where the annual S deposition ranges from 20 to 160 kg S ha�1 a�1

(Larssen et al., 2006) and the maximum occurs in Tie Shan Ping
(relatively close Chongquing). The contribution of dry deposition to
total deposition in Asia can be seen in the global map in Fig. 3.8b.
Wet deposition contributes more than dry deposition in most of
Asia (i.e., ratios of<50%) but the opposite is true in areas around the
Caspian Sea, Pakistan, India, eastern China, the Democratic People’s
Republic of Korea and the Republic of Korea.

3.6.5.4. Changes in S deposition over time due to changing SO2

emissions. The measured differences in the 3-year average wet
deposition of S between 2000e2002 and 2005e2007 are shown in
Fig. 3.5a,b. The average % change for the 32 measurement sites was
an increase of 8.5%, although both increases and decreases
occurred. Of the 32 sites, 21 showed increases between 0 and 48%
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and 11 showed decreases between 0 and 54%. During this period,
SO2 emissions in Asia are known to have increased at a phenomenal
rate with a contribution to global SO2 emissions of 50% in 2005
compared to 18% in 1980 (EANET, 2011). From 1980 to 2003, SO2
emissions in India and China increased 3.2 times and 2.5 times,
respectively. Since the 1990s, Chinese SO2 emissions contributed
about one-fourth of the global anthropogenic emissions and more
than 90% of emissions in East Asia (Lu et al., 2010). SO2 emissions in
China have increased dramatically since 2000; however, they began
to slow down around 2005 and decreased after 2006 due to the
installation of flue-gas desulfurization equipment in power plants
(Lu et al., 2010; EANET, 2011).

An analysis of annual mean concentration and deposition of
nssS and other ions at selected EANET sites over the period 2000e
2009 showed a high degree of variability with the conclusion that a
longer period of observations will be required to elucidate temporal
trends (EANET, 2011).

Between 2000e2002 and 2005e2007 in India (Fig. 3.5a,b), the
minimum decrease in the 3-year average wet deposition of S of 5%
occurred at the Mohanbari site in northeast India, the maximum
decrease of 47% occurred at an island site Portblair over Bay of
Bengal, and an increase of 20% occurred at an island site Minicoy
over Arabian Sea. Consistent with the decreases, the Central
Pollution Control Board’s (CPCB) National Ambient Air Quality
Monitoring (NAAQM) reports a decreasing trend in SO2 levels in
many cities like Delhi and Mumbai from 1995 to 2007. This trend
was due to various emission measures such as the reduction of
sulfur in fuel (e.g., the S content in gasoline was reduced from 0.1%
to 0.05% in 2000 and in diesel fuel from 0.25% to 0.05% in 2005) and
the use of LPG instead of coal as a domestic fuel (Ministry of the
Environment and Forests, 2009). As well, Garg et al. (2006) report
a decreasing trend in total SO2 emissions from the transport sector
in India from 0.138 Tg in 2000 to 0.085 Tg in 2005.

3.6.6. Oceania
Oceania is defined here as Indonesia, Malaysia, Australia, Papua

New Guinea, New Zealand, and neighboring South Pacific islands.
Oceania had only five regionally-representative monitoring sites
that met our screening criteria: two in Malaysia, one in Indonesia
and two in Australia. Two additional sites in Australia, Cape Grim
and Burrup Peninsula, did not meet our screening criteria but are
discussed below because of their importance for characterizing wet
deposition in the area. Cape Grim data were screened out because
they represented only the subset of precipitation events associated
with the so-called “baseline” wind direction sector from the south,
and Burrup Peninsula data were screened out because they did not
fit conveniently within our standard 3-year measurement periods.
Observations for these sites were provided by the Acid Deposition
Monitoring Network in East Asia (EANET) and the Bureau of
Meteorology/Australian Commonwealth Scientific and Industrial
Research Organisation (CSIRO) Marine and Atmospheric Research
(BoM/CMAR). No measurements exist for areas such as New Zea-
land, Papua New Guinea or other South Pacific Islands.

3.6.6.1. Precipitation-weighted mean concentrations and wet depo-
sition of S. During the period 2000e2002, the lowest average nssS
concentrations in precipitation were measured at Tanah Rata,
Malaysia (0.13 mg nssS L�1) and the highest at Bukit Kototabang,
Indonesia (0.18 mg nssS L�1). The same average precipitation-
weighted nssS concentration (0.14 mg nssS L�1) was observed at
the Australian sites of Coffs Harbour and Wagga Wagga even
though Coffs Harbour is on the coast and Wagga Wagga is 275 km
from the coast. No data were available from Danum Valley for
2000e2002. Over the 2005e2007 period, the highest concentra-
tion was also observed at Bukit Kototabang (0.20 mg nssS L�1)
while the lowest was at Danum Valley, Malaysia (0.08 mg nssS L�1),
but no data were available for Coffs Harbour and Wagga Wagga. At
the Burrup Peninsula (northwestern Australia), the average
precipitation-weighted concentration for 2004/05, 2007/08 and
2008/09 was 0.11 mg nssS L�1.

During the 2000e2002 period, the highest average nssS wet
deposition in Oceania was observed at Tanah Rata
(3.70 kg nssS ha�1 a�1) and the lowest at Wagga Wagga
(0.84 kg nssS ha�1 a�1), although the latter is an annual average for
2000 (Fig. 3.3c). In the later 2005e2007 period, nssS wet deposition
was highest at Bukit Kototabang (4.10 kg nssS ha�1 a�1) and Tanah
Rata (3.98 kg nssS ha�1 a�1) and lowest at Danum Valley
(2.47 kg nssS ha�1 a�1) (Fig. 3.3d). No data were available for Coffs
HarbourandWaggaWagga. The averagenssSdepositionmeasuredat
the Burrup Peninsula over three years (2004/05, 2007/08 and 2008/
09)was 0.38 kgnssS ha�1 a�1. Therewas a large difference in the nssS
deposition between 2004/2005 and 2007/2008; the period 2007/
2008 had a larger sulfur wet deposition due in part to the higher
rainfall amount and to one rainwater event that had a significant
influenceonthe annualflux.Methanesulfonatewasalsomeasured in
precipitation samples at these sites. The calculated annual deposition
ofmethane sulfonatewas found to be avery small fractionof the total
S flux (0.034e0.058 kg S ha�1 a�1 at Coffs Harbour, 0.062 at Wagga
Wagga and0.004e0.016 kg S ha�1 a�1 at CapeGrim); thus, theywere
not included in the S wet deposition estimate.

The S concentration measurements made at the Cape Grim
Baseline Air Pollution Station (Tindale et al., 2003; Cainey et al.,
2004; Cainey et al., 2006; Cainey et al., 2007; Derek and
Krummel, 2011), are particularly noteworthy because Cape Grim
is a global baseline station within the Global Atmosphere Watch
Programme of the World Meteorological Organization. At Cape
Grim, the precipitation collector was turned on only for the subset
of precipitation events having flow from the Southern Ocean (i.e.,
all other events from all other flow directions were not sampled).
Thus, the concentrations presented here represent only the subset
of so-called Southern Hemisphere baseline events and annual
precipitation-weighted mean concentration and wet deposition
values could not be calculated. Fig. 3.21a presents box-plots of nssS
concentrations in baseline precipitation for the years 2000e2007.
At Cape Grim the baseline nssS precipitation-weightedmean varied
from 0.28 to 0.88 mg nssS L�1, with an average value of
0.48 mg nssS L�1, and during the 8 years of measurements no real
temporal changes were observed. The annual wet deposition esti-
mate for baseline nssS events at Cape Grim ranged from
0.31 kg nssS ha�1 a�1 in 2001 to 0.80 in 2006 with an average of
0.56 kg nssS ha�1 a�1 for all years, as Fig. 3.21b shows. Fig. 3.21b
explains that the annual variation in baseline nssS wet deposition
results from the variation in precipitation depth, rather than vari-
ation in the S concentration in precipitation.

As a consequence of the lack of remote sites, very little is known
about the spatial distribution of S concentrations in precipitation
and S wet deposition over Oceania. Modeled concentrations in
precipitation aid in providing a regional-scale view (see Fig. 3.6).
The highest nssS concentrations in Oceania are generally found
near populated areas, which typically coincide with high emission
areas; and the lowest concentrations over oceanic or remote con-
tinental areas. The highest concentrations of 0.1e0.2 mg nssS L�1

are found in several areas of Oceania including south eastern
Australia; Auckland, New Zealand; northern Papua NewGuinea and
the Bismarck Sea, on Java near Jakarta; and Peninsula Malaysia,
near Kuala Lumpur. The concentrations of nssS over Papua New
Guinea and the Bismarck Sea are probably due to emissions of S
from the copper and gold mines in Papua New Guinea rather than
high population densities. The nssS concentrations decrease at the
edges of these populated areas to 0.08e0.1 mg nssS L�1 and then to



Fig. 3.21. (a) Concentrations of nssS and (b) annual nssS wet deposition and precipitation depth in baseline precipitation at the Cape Grim Baseline Atmospheric Pollution Station
from 2000 to 2007. The median concentrations, mean concentrations (dotted line), the 25th and 75th quartiles and 10th and 90th percentiles are shown.
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0.07e0.08 mg nssS L�1 due to decreases in population densities. In
remote continental areas, the concentrations can be as lowas 0.02e
0.04 mg nssS L�1 in northwestern Australia and around the Indo-
nesian islands of Sulawesi and the Moluccas archipelago. The
lowest nssS concentrations of 0.015e0.02 mg nssS L�1 are found
over the Bismarck Sea in the north west of Oceania. Other oceanic
areas have concentrations of 0.05e0.06 mg nssS L�1 near conti-
nents that decrease to 0.02e0.04 mg nssS L�1 farther away from
continental influences.

A comparison between modeled and measured concentrations
(Fig. 3.6a) show that the average nssS measured concentration at
Tanah Rata, Coffs Harbour and Wagga Wagga agree very well with
the model predictions. The average concentration of nssS at Bukit
Kototabang (0.18mg S L�1) is considerably higher than themodeled
value (0.06 mg S L�1).

At Cape Grim the modeled nssS concentration is in the range of
0.1e0.2 mg nssS L�1 compared with the measured baseline nssS
values ranging from 0.28 to 0.88 mg nssS L�1(Baseline 1999e2000,
2003; Baseline 2001e2002, 2004; Baseline 2003e2004, 2006;
Baseline 2005e2006, 2007; Baseline 2007e2008, 2011). As
mentioned above, the concentrations measured at Cape Grim
represent only the subset of “baseline” precipitation events asso-
ciated with winds from the Southern Ocean and were therefore
screened out of the 3-year average data set mapped globally. The
measured concentrations are somewhat higher than the model
results, and this may be due to errors encountered in estimating the
nssS fraction of S in rainwater at this site. Over the eight years of
these measurements the nssS averaged 13.1% (standard deviation
12.7) of the total sulfate concentration in precipitation at Cape
Grim. A relatively small change in sea-salt ratios can have a sig-
nificant effect on the non sea-salt concentrations, and this may in
part explain the disparity between the measured andmodeled nssS
concentrations at Cape Grim.

The 2001 modeled nssS wet deposition from TF HTAP as well as
the measured wet deposition for 2000e2002 are presented in
Fig. 3.6c. The modeled nssS wet deposition values for Tanah Rata,
Bukit Kototabang and Wagga Wagga compare closely with the
measured average fluxes; while the measured average sulfur
deposition at Coffs Harbour is significantly higher than the model.
The modeled deposition at the Burrup Peninsula
is < 0.2 kg nssS ha�1 a�1, which is of the same order as the average
measured deposition of 0.38 kg nssS ha�1 a�1, particularly consid-
ering the annual variation in the flux.

3.6.6.2. Dry deposition of S. Dry deposition of SO2eS was estimated
for two sites in Oceania (Tanah Rata and Burrup Peninsula) using
measured SO2 concentrations and a dry deposition velocity of
0.0028 m sec�1 as used by Manins (1994) for Malaysian conditions.
Meyers et al. (1991) suggest the uncertainties of the predicted
deposition velocities are generally within 30% of the measured
velocities over short periods, and about 20% over longer periods of
one week. The resulting average dry deposition of SO2eS at the
Burrup Peninsula for the two annual periods (2004/05 and 2007/
07) was 0.17 kg SO2eS ha�1 a�1. At Tanah Rata the annual SO2eS dry
deposition for the period 2000e2001 was 1.04 kg SO2eS ha�1 a�1.
Particulate phase SO4

�2 was measured at the Burrup Peninsula but
only as total suspended particulate; thus, S deposition cannot be
estimated since there is no information on the particle size distri-
bution. No particulate data are available for Tanah Rata.

Model results from HTAP 2001 (Fig. 3.7a) show that the mini-
mum SO2 plus p-SO4

2�
fluxes of 0.1e0.15 kg S ha�1 a�1 are found in

central Australia and the oceanic areas of the Bismarck Sea, north of
Papua New Guinea and in the Indian Ocean west of Sumatra and
Australia. The oceanic areas away from continental areas generally
have SO2 plus p-SO4

2�
fluxes in the range of 0.1e0.15 kg S ha�1 a�1,

and as low as 0.1 kg S ha�1 a�1 in the Bismarck Sea. Closer to
continental areas dry deposition of SO2 plus p-SO4

2� can be up to 1e
2 kg S ha�1 a�1, such as in Peninsula Malaysia near Kuala Lumpur,
and in south eastern Australia. In other less populated continental
areas the dry deposition S flux ranges from 0.5 to 1.0 kg S ha�1 a�1.

Fig. 3.7b shows the SO2eS dry deposition as a fraction of dry
SO2eS to dry SO2eS þ dry p-SO4

2�-S. In Oceania, most of the total S
dry deposition is in the form of SO2eS with lesser amounts from
p-SO4

2�-S and DMS-S. When compared to model estimates
(Fig. 3.7a), the measurement-based inferential average dry SO2eS
deposition for Tanah Rata is within themodeled range of 1.0e2.0 kg
SO2eS ha�1 a�1. At the Burrup Peninsula, the average
measurement-based inferential SO2eS flux compares closely to the
model predicted range of 0.2e0.3 kg SO2eS ha�1 a�1.

The areas having the highest fraction of SO2eS to the total flux of
S are found in southeastern and southwestern Australia, the Bis-
marck Sea north of Papua New Guinea, the North Island of New
Zealand, Sumatra and Java, Indonesia, where fluxes range from 85
to 100%. These areas have relatively high emissions of S in the forms
of SO2, p-SO4

2� and DMS-S as shown by the global sulfur emissions
map in Fig. 3.1. Central Australia, where the lowest flux occurs, has
areas where the SO2eS percentage is 60e70% of the total flux of S.

3.6.6.3. Total deposition of S. Total deposition of Swas estimated for
Tanah Rata during 2000 and 2001 and at the Burrup Peninsula
during 2004/05 and 2007/08. These estimates are the total of SO2e

S and p-nssSO4
2�-S deposition. The average total deposition of S at

mailto:Image of Fig. 3.21|tif


1 Reactive N includes all nitrogen species (oxidized and reduced) except N2; NOy

includes to all oxidized nitrogen species except N2O. (Dentener et al., 2006).
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Tanah Rata for the period 2000e2001 was 4.57 kg S ha�1 a�1. At the
Burrup Peninsula, the average total deposition during 2004/05 and
2007/08 was 0.64 kg S ha�1 a�1. The 2001 HTAP model results for
total deposition are shown on the global map in Fig. 3.8a. The
average total deposition at Tanah Rata (4.57 kg S ha�1 a�1) falls
within the range of 4.0e10 kg S ha�1 a�1 predicted by the HTAP
2001 model ensemble. In the Burrup Peninsula, the average total
deposition (0.64 kg S ha�1 a�1) is also very closely aligned with the
model predicted range of 0.2e1.0 kg S ha�1 a�1.

Not surprisingly, the modeled total deposition pattern of S over
Oceania (Fig. 3.8a) closely reflects the S emission pattern shown in
Fig. 3.1. The highest modeled total deposition fluxes of 4.0e
10.0 kg S ha�1 a�1 were found in the Bismarck Sea in Northern Papua
NewGuinea and in PeninsulaMalaysia near Kuala Lumpur. TheHTAP
model results predict S deposition of 2.0e4.0 kg S ha�1 a�1 in the
populated areas of south eastern Australia, Sumatra, Java, PapuaNew
Guinea, Sabah, Brunei and in the North Island of New Zealand. In less
populated areas and in oceanic areas close to continents, the total
deposition is predicted to be the range of 1.0e2.0 kg S ha�1 a�1. The
total deposition of S over the oceans ranged from 0.8-
1.0 kg S ha�1 a�1 close to continental areas and dropped to 0.4e
0.6 kg S ha�1 a�1 in the Indian Ocean and even to<0.4 kg S ha�1 a�1

in a section of the Indian Ocean in the west of Oceania.
S dry deposition as a percentage of total deposition was

measured at Tanah Rata (2000e2001) and at the Burrup Peninsula
(2004/05 and 2007/08). Tanah Rata had dry deposition contribu-
tions of 21% and 25% during those two years, giving an average of
23%. The predicted value from the HTAP 2001 model (Fig. 3.8b) is
30%e40%, which is somewhat higher than the measured percent-
age. The contributions measured at the Burrup Peninsula were 48%
and 19%, respectively, during the two years, considerably lower
than the modeled value of 60e70% (Fig. 3.8b).

The highest S dry deposition percentages modeled by HTAP
2001 are found on the Australian continent due to low rainfall
depths compared to other regions of Oceania. Dry deposition
fractions of 70%e85% are found in south west Australia and
southern Australia, near Adelaide and Melbourne. In less populated
areas of Australia, the dry deposition fractional contribution ranges
from 60% to 70%, and as low as 30%e40% in remote areas. In other
areas of Oceania the contribution ranges from 30% to 40% in
populated areas and 15%e30% in less populated areas. In oceanic
areas, the contribution is 40e50% close to the Australian continent,
30e40% farther away from the Australian continent (particularly in
the Indian and Southern Oceans), and 15e30% over the ocean and
continental areas of northern Oceania such as Papua New Guinea
and parts of Indonesia and the South Pacific Ocean. The lowest
percentage of dry to total deposition over the oceans is 0e15% near
the Bismarck Sea.

Locations such as Tanah Rata and the Burrup Peninsula receive
much of their rainfall from monsoonal systems. These systems
often lead to significant variations in the total precipitation depth
during a particular year. For example, over a six year period on the
Burrup Peninsula, precipitation depth varied from 85.5 cm in 2006
to 9.5 cm in 2010. Tropical storms close to the area explain the large
amount of precipitation during 2006 while during 2010 the
monsoon almost completely failed to bring rain. It is difficult to
model the precipitation depths in such locations, and this is prob-
ably the reason for the disparity between the measured and
modeled percentage of sulfur dry deposition to the total of the wet
and dry sulfur deposition.

3.7. Summary, gaps and uncertainties

An assessment of the spatial distribution of nssS in precipitation
and wet deposition globally shows that S concentrations in
precipitation are highest at sites in eastern China and lowest at sites
in the western U.S., and wet deposition is highest in Asia (China,
Japan, India, Taiwan), Europe (Croatia and Ireland) and North
America (eastern U.S.) and lowest in western U.S.. Regional scale
measurements of precipitation chemistry and deposition were not
available for large parts of every continent; thus, HTAP ensemble-
mean model estimates were used to fill information gaps in these
geographical areas. High correlations between the observations
and the ensemble-meanmodeling results suggest that themodeled
patterns of concentration (r ¼ 0.678, n ¼ 428) and wet deposition
(r¼ 0.793, n¼ 428) are reasonable for filling themeasurement gaps
on a global basis, although not quite as well in Europe compared to
the other continents. The ensemble-mean model estimates were
also used to determine the S budget over the continents and
oceans. Sea salt sulfur (ssS) was an important contributor to wet
deposition in the coastal and island areas of the world.

The characterization of dry and total deposition on a global
scale is only possible based on model estimates; however,
regional measurement-based estimates are available for selected
sites in North America, Europe (throughfall), Africa, Japan and
Australia. As to be expected, the areas with the highest modeled
% contribution of dry deposition to total deposition appear in the
driest continental areas of the world as well as their nearby
coastal zones. In North America and Europe, wet deposition
levels have decreased significantly since 1990 and particularly
between 2000e2002 and 2005e2007. This is attributed to the
success of SO2 emission reduction programs on these continents.
Changes to S wet deposition in Asia were variable and difficult to
discuss because of limitations in deposition and emissions data.
The HTAP ensemble-mean global model results significantly
overestimated total deposition of S in Europe as well as dry and
total deposition in North America. There is a need to eliminate
these biases in the global model through continued model
development and evaluation against measured gas concentra-
tions and dry deposition. There is also a pressing need to resolve
the large differences in the inferential dry deposition models of
Canada and the United States.

4. Nitrogen

Since the last global review (Whelpdale and Kaiser, 1996),
publications on nitrogen composition and deposition on a global
scale have been based largely on chemical transport model pre-
dictions because of the paucity of global measurement data. Model-
based estimates (Rodhe et al., 2002; Bouwman et al., 2002;
Dentener et al., 2006) show that areas of high N deposition coin-
cide with those of high S deposition. These areas include south-
eastern China, northeastern India and Bangladesh, large parts of
Europe, and northeastern North America. Ensemble-mean annual
deposition patterns presented by HTAP (2010) show the largest
deposition of reactive N1 in parts of North America, Europe and East
and South Asia, and demonstrate that reactive N deposition is
dominated by domestic emissions with small intercontinental
contributions.

Galloway et al. (2004), using a variety of data sets and model
results, estimated global N budgets for 1860 and the early 1990s
and projected them forward to 2050. They estimated that global
emissions of NH3eN in the 1990s were roughly 25% more than
NOxeN emissions and that approximately twice as much Noxidized
was deposited to the continents as to the oceans. In contrast, a
greater amount of Nreduced was estimated to fall on the oceans
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compared to the continents. Based on 23 atmospheric models,
Dentener et al. (2006) estimated that about 36e51% of NOy and NHx
is deposited over the oceans with the balance over the continents.
There was good agreement between ensemble model results and
observations in Europe and North America, with a systematic
overestimate of NHx deposition in South Asia, and underestimated
NOy deposition in East Asia. In addition to its role in ecosystem
acidification, model estimates of N deposition exceeded the
eutrophication critical load of global natural ecosystems (Bouwman
et al., 2002; Dentener et al., 2006).

Considerably more published information is available on a
continental scale than globally. In North America, descriptions of N
concentrations in precipitation and wet deposition reported for
various long-term time periods (Environment Canada, 2005;
NAPAP, 2005; Sickles and Shadwick, 2007; Lehmann et al., 2005;
Baumgardner et al., 2002; Nilles and Conley, 2001; IJC, 2008; IJC,
2010; Zbieranowski and Aherne, 2011; Eshleman et al., 2013),
show that the area of highest N (and S) deposition is just south of
the Great Lakes. Measurements have also been used to determine
spatial and temporal patterns of Noxidized and Nreduced deposition in
specific parts of the continent (e.g., Kvale and Pryor, 2006; Kelly
et al., 2002; Luo et al., 2002; Martin et al., 2002; Willey et al.,
2006; Lawrence et al., 2000; Peters et al., 2002; Golden and
Boyer, 2009; Butler et al., 2003, 2005; Strayer et al., 2007; Poor
et al., 2001; Scudlark et al., 2005; Walker et al., 2000; Stephen
and Aneja, 2008; Anderson and Downing, 2006) and at high
elevation sites (e.g., Clow et al., 2002; Hidy, 2003; Ingersoll et al.,
2008; Beem et al., 2010).

In general, regional-scale and localized studies indicate that
Noxidized in precipitation and wet deposition has varied over the last
two decades with decreases occurring in the last 5e10 years in
response to NOxeN emission reductions. Nreduced, on the other
hand, was found not to have decreased and, in fact, appeared to
increase in certain areas. A number of studies also demonstrated
that cloudwater deposition at high elevations can account for 20e
60% of total wet deposition of Noxidized and Nreduced and sometimes
as much as 80% at the highest elevations (Anderson et al., 2006;
Sickles and Grimm, 2003; Hutchings et al., 2009; Aleksic et al.,
2009). Estimates of the influence of long range transboundary
transport of NOxeN emissions between the U.S. and Canada based
on measurement data (Vet and Ro, 2008) show that between 62%
and 83% of eastern Canadian Noxidized wet deposition in the 1990s
was attributable to NOxeN emissions from the eastern U.S., while a
very low percentage of wet deposition in the eastern U.S. was
attributable to considerably lower emissions from eastern Canada.
Concentrations of Noxidized and Nreduced in precipitation from short-
term studies have been reported in Mexico, with much higher
concentrations reported in Mexico City (Baez et al., 2007) than in
the Mayan Riviera (Bravo et al., 2000).

Regionally-representative studies of Noxidized and/or Nreduced

concentrations in precipitation and wet deposition in South
America are limited, with the majority conducted in Brazil. A
summary of observations from this region based on published
literature is presented later in this chapter.

In Europe, continental-scale spatial and temporal analyses of
concentrations of major ions, including Noxidized and Nreduced, in
precipitation and wet deposition are reported annually by the Eu-
ropean Monitoring and Evaluation Programme (EMEP, http://www.
emep.int/). The 2004 EMEP report (Lövblad et al., 2004) concluded
that deposition of both Noxidized and Nreduced decreased during the
period 1980e2000 due to lower concentrations in air and precip-
itation resulting from NOx and NH3 emission reductions. Noxidized

concentrations in precipitation exhibited considerable interannual
variation due to changes in precipitation amount with the largest
overall decreases taking place in Denmark and Poland. Regional-
scale trends based on measurements at EMEP sites and model es-
timates over the 1980e2003 period showed statistically significant
decreases of Noxidized and Nreduced in precipitation at most sites
(Fagerli and Aas, 2008). Tørseth et al. (2012) reported an average
decrease of both Noxidized and Nreduced concentrations in precipita-
tion of about 25% from 1990 to 2009 with minor reductions since
the late 1990s.

Large reductions of Noxidized deposition were achieved in the
1990s in parts of Europe, especially in Germany, Czech Republic and
the eastern European countries such as Estonia, Lithuania, Latvia,
Ukraine and Bulgaria (Fagerli et al., 2006). Nreduced deposition was
also reported to have declined in eastern Europe after 1990 but no
large changes were observed elsewhere in Europe (Fagerli et al.,
2006). Wet deposition of N ranged from less than 1 kg N ha�1 a�1

to more than 20 kg N ha�1 a�1. Nreduced and Noxidized contribute
approximately equally to total N deposition, except at sites in the
Benelux area and in Ireland (where Nreduced > Noxidized) and Scan-
dinivia and the Mediterranean (where Nreduced < Noxidized). Despite
decreases in the area and magnitude of exceedance of critical loads
(Lövblad et al., 2004; Fagerli et al., 2006), eutrophication continues
to be a major environmental problem in Europe. It is projected that
it will continue to affect about 40% of the natural areas in Europe in
2020 under current emissions control legislation (WGE, 2011). In
addition to monitoring under EMEP, numerous special studies have
been conducted in European countries, generally of a short-term
nature and designed to increase understanding of the sources
and impacts of concentrations in precipitation and deposition.
Given the focus of this assessment on regionally-representative
long-term trends, these short-term studies are not discussed here.

In Asia, periodic regional assessments of the Acid Deposition
Monitoring Network in East Asia (EANET) report on N concentra-
tions in precipitation and deposition. Over the period 2000e2004,
average Noxidized concentrations at remote and rural sites across
Asia ranged from 0.05 to 1.06 mg N L�1 and Nreduced concentrations
ranged from 0.03 to 2.99 mg N L�1 (EANET, 2006). Siva Soumya
et al. (2009) reported volumetric mean concentrations of major
ions over the period 1978e2006 at a variety of rural, urban and
suburban sites in India in relation to distance from the seacoast
and showed that Noxidized remained constant at around 0.36e
0.43 mg N L�1 with few sites showing higher concentrations. In
Japan, Endo et al. (2011) estimated 5-year (2003e2008) averages
of dry and total deposition of N at 10 EANET sites of 1e
7 kg N ha�1 a�1 and 3.1e18.2 kg N ha�1 a�1, respectively, with dry
deposition estimated to contribute 13e56% of the total deposition.
A characterization of the spatial and temporal pattern of N at a mix
of urban and rural sites throughout China (Lu and Tian, 2007)
showed that the wet and dry deposition rates for N (Noxidized plus
Nreduced and NO2, respectively) increased significantly from 1990 to
2003 and peaked over central south China. The wet deposition
maximum value was 62.25 kg N ha�1 a�1 and the average value
was 9.88 kg N ha�1 a�1. The peak values of dry deposition of
>4.93 kg N ha�1 a�1 were centered in upper mideastern China,
with a mean deposition rate of 3.03 kg N ha�1 a�1. Numerous
short-term studies have presented Noxidized and Nreduced concen-
trations in precipitation and deposition in individual Asian coun-
tries; however, these are too local for the scope of this assessment
and are thus not discussed here.

In Africa, reports of N concentrations in precipitation and
deposition for different African ecosystems have been based on
observations at regionally-representative sites in the following
countries: South Africa (Mphepya et al., 2004, 2006), Republic of
Côte d’Ivoire (Yoboué et al., 2005; Cameroon (Sigha-Nkamdjou
et al., 2003), Benin, and Niger (Galy-Lacaux et al., 2009; Laouali
et al., 2012). At these sites, Nreduced was usually the dominant ion
in precipitation, with the major source being emissions from

http://www.emep.int/
http://www.emep.int/
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livestock. A continental assessment of wet and dry deposition of N
species over a 3-year period (Galy-Lacaux et al., 2003) found higher
wet deposition in wet zones than in dry savannas, except for one
site in South Africa located near significant sources of anthropo-
genic emissions. They also found that dry deposition contributed
approximately 60e70% of the total deposition. A comprehensive N
budget for Sahelian dry savanna ecosystems in west central Africa
has been published by Delon et al. (2010) where they estimate the
total deposition to be 7.5 � 1.8 kg N ha�1 a�1, of which approxi-
mately 30% is attributed to Noxidized and 70% to Nreduced.

InOceania, recent literature onNdeposition and concentrations in
precipitation is limited tomeasurements takenprior to the year 2000
and typically of short duration. In Australia, for example, Ayers et al.
(2003) quoted Nreduced concentrations in precipitation of 0.15e
0.16mgNL�1 at a site in southeasternAustralia (NewSouthWales) in
1993e1994 andLikens et al. (1987) reported concentrationofNoxidised
andNreduced of 0.017 and0.012mgNL�1, respectively, innorth-central
Australia (Katherine) in 1980e1984. In Hawaii and Kauai, total
depositionofN(organicand inorganic)averaged17kgNha�1a�1with
the major portion deposited via fog interception (Carillo et al., 2002).
Precipitation contributed amaximumof1kgNha�1a�1 inHawaii and
0.2 kg N ha�1a�1 in Kauai, with a major contribution from fog inter-
ception (Carillo et al., 2002). NADP (2013) reported precipitation
concentrations of Nreduced and Noxidized of 0.02 and 0.015 mg N L�1,
respectively for theperiod2002 through2005 inHawaii.NADP (2013)
also reported wet deposition of Nreduced and Noxidized of 0.38 and
0.44 kg N ha�1 a�1 for the same period.

In the Arctic, concentrations of Noxidized in precipitation from
long-term observations at numerous sites were typically below
0.2 mg L�1 (AMAP, 2006; Hole et al., 2009). Significant trends of
Noxidized concentrations in precipitation could not be detected by
Hole et al. (2009) at 3 sites in the Arctic given that the power of
the observations was too weak. Toom-Sauntry and Barrie (1994)
collected snow for three years at Alert in the Canadian Arctic
using a method that carefully avoided contamination from
blowing snow. The data showed a strong seasonal variation that
peaked in the spring with a maximum weekly concentration of
0.3 mg N L�1.

Global and regional aspects of N emissions, N concentrations
in precipitation and N wet and dry deposition are described in
the sections that follow based on available precipitation chem-
istry measurement data and the 2001 HTAP ensemble mean
modeling results from 16 Noxidized models and 7 Nreduced models
(see Section 2). The data presented herein are restricted to
inorganic N compounds since measurements of organic N in air
and precipitation are sparse and highly uncertain (Cape et al.,
2011).

In order to ensure clarity in the discussion that follows, the
terms used for the different N species and types of deposition are
as follows: NOx-N emissions refers to the sum of NO þ NO2
emissions expressed as nitrogen in Tg N a�1; NH3eN emissions
refers to NH3 emissions expressed as nitrogen in Tg N a�1; Noxidized

refers to the oxidized nitrogen species in air, precipitation and
deposition expressed as N. In air and dry deposition, Noxidized
includes some or all of the following species for which mea-
surements are made: NO, NO2, HNO3, particle-NO3

�, and PAN. In
wet deposition, Noxidized refers to the NO3

� ion expressed as ni-
trogen as measured in precipitation; Nreduced refers to the reduced
species of N in air, precipitation and deposition. In air and dry
deposition, Nreduced refers to gaseous NH3 plus particle-NH4

þ; in
precipitation and wet deposition, Nreduced refers to the NH4

þ ion
resulting from precipitation scavenging of NH3 and particle-NH4

þ.
The sum of oxidized plus reduced nitrogen species (i.e.,
Noxidized þ Nreduced) is referred to hereafter as “N” in wet, dry and
total deposition.
4.1. Global and regional emissions of NOxeN and NH3eN

Global maps of 2001 NOxeN, NH3eN and NOxeN þ NH3eN
emissions are shown in Fig. 4.1aec, respectively. The maps show
1� �1� grid square ensemble-mean emission rates in kg N ha�1 a�1

compiled from the emission inventories of the 16 HTAP Noxidized
models and 7 Nreduced models discussed in Section 2. The NOxeN
emission sources used to compile Fig. 4.1a include fossil-fuel
generating units, vehicles, home heating, industry, shipping,
biomass burning, soils and lightning. The NH3eN emission sources
in Fig. 4.1b include animals, biomass burning, domestic fires, forest
fires, industry, and fertilizer application.

NOxeN emissions (Fig. 4.1a) were highest in eastern North
America, southern California, the United Kingdom, central Europe
and East Asia, due in large part to fossil-fuel power production and
vehicular emissions. Mid-range levels of NOxeN emissions
occurred as above and in parts of South America (Brazil, Colombia
and Venezuela), central and southern Africa, western Russian
Federation and India. Lowest emissions occurred over the oceans
with the exception of major shipping channels which had low to
moderate emission levels. NH3eN emissions in 2001 (Fig. 4.1b)
were highest in western Europe, Pakistan, India and eastern China,
largely due to the intense agricultural activity in those regions.
Moderate NH3eN emissions occurred in the eastern half of North
America, Mexico, northern and eastern South America, central Af-
rica, western Russian Federation and parts of East Asia. Lowest
emissions occurred over the remote oceans although the equatorial
and temperate sections showed somewhat higher levels due to
highly uncertain natural NH3 emissions from oceans (Dentener
et al., 2006).

The combined NOxeN þ NH3eN emission fluxes in 2001
(Fig. 4.1c) were highest in eastern China (i.e., 40e60 kg N ha�1 a�1)
with next highest (20e40 kg N ha�1 a�1) in eastern North America,
Europe, Pakistan, India and south-central and northeast China.
Lower emissions (4e20 kg N ha�1 a�1) occurred in North America,
northern and eastern South America, central and southern Africa,
western Russian Federation, parts of East Asia and parts of Oceania.
Lowest emissions (<0.2 kg N ha�1 a�1) occurred over the remote
oceans although the equatorial and temperate sections showed
somewhat higher emissions (0.2e1 kg N ha�1 a�1) derived from
NH3 oceanic emissions.

Area-integrated emissions of NOxeN, NH3eN and NOxe

N þ NH3eN (Table 3) were estimated as the sum of the ensemble-
mean grid square emission values over the continents, coastal
zones and oceans defined in Fig. 2.2 (also shown in Table 3 are total
deposition values, which are discussed later). For the reasons given
in Section 2, emissions are shown separately for the continental
non-coastal, oceanic non-coastal, and coastal zones. Global total
emissions of NOxeN in 2001 were estimated at 46.6 � 7.8 Tg N
(where 7.8 represents the ensemble standard deviation of all model
values), of which 71.2% were non-coastal continental, 23.0% were
coastal zone, and 5.8% were non-coastal oceanic. Of the 46.6 Tg N
total, non-coastal þ coastal Asia accounted for 26.8%, with North
America and Africa accounting for 18.7% and 16.7%, respectively.
Oceanic non-coastal emissions were very low at 5.8%.

Global total emissions of NH3eN in 2001 were estimated at 58.5
(�9.5) Tg N, of which 70.1% were non-coastal continental, 16.2%
were coastal, and 13.7% were non-coastal oceanic. Of the 58.5 Tg N,
non-coastal þ coastal Asia accounted for the highest emissions at
39.4% of the global total, with Africa and South America the next
highest at 12.5% and 10.4%, respectively. Oceanic non-coastal
emissions of NH3eN accounted for a higher proportion of global
emissions (13.7%) than did oceanic non-coastal NOxeN emissions
(5.8%). The 2001 global total of NOxeN þ NH3eN emissions was
105.1 Tg N, of which 70.6% was non-coastal continental, 19.2%



Fig. 4.1. 2001 ensemble-mean,1� �1�, emissions of: (a) NOxeN, (b) NH3eN and (c) NOxeNþNH3eN in kg N ha�1 a�1 obtained from the 16 HTAP NOxmodels and 7 HTAP NH3models.
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Table 3
Area-integrated 2001 estimates of NOxeN þ NH3eN emissions and Noxidized, Nreduced and total deposition of N (Tg N) for Continents, Coastal zones and Oceans (as defined in
Fig. 2.2). Values in parentheses represent the associated percentage of global Noxidized, Nreduced and N emissions and total deposition. Note that the Coastal Total emissions (and
deposition) are the same for the Continents and Oceans. Thus, global Total emissions and deposition equal the sum of the Non-coastal Continents, Non-coastal Oceans and one
of the Coastal Continents or Oceans.

Region NeNOx emissions
(Tg N)

Noxidized total
deposition (Tg N)

NeNH3 emissions
(Tg N)

Nreduced total
deposition (Tg N)

N emissions
(Tg N)

N total deposition
(Tg N)

Non-coastal Coastal Non-coastal Coastal Non-coastal Coastal Non-coastal Coastal Non-coastal Coastal Non-coastal Coastal

Continents
Africa 6.9 (14.8) 0.9 (1.9) 5.2 (11.0) 1.0 (2.2) 6.5 (11.0) 0.9 (1.5) 5.4 (9.2) 1.0 (1.7) 13.4 (12.7) 1.8 (1.7) 10.6 (10.0) 2.0 (1.9)
Antarctica 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
Asia 9.1 (19.4) 3.4 (7.4) 7.7 (16.1) 3.3 (6.8) 19.4 (33.1) 3.7 (6.3) 15.9 (27.2) 4.3 (7.5) 28.4 (27.1) 7.1 (6.8) 23.6 (22.2) 7.6 (7.1)
Europe 4.7 (10.2) 2.3 (5.0) 3.6 (7.4) 2.0 (4.2) 4.5 (7.8) 1.4 (2.4) 3.7 (6.3) 1.5 (2.5) 9.3 (8.8) 3.7 (3.5) 7.2 (6.8) 3.5 (3.3)
North America 6.7 (14.4) 2.0 (4.3) 4.8 (10.1) 2.0 (4.1) 4.3 (7.3) 1.0 (1.7) 3.6 (6.2) 1.2 (2.0) 11.0 (10.5) 3.0 (2.9) 8.5 (8.0) 3.1 (3.0)
Oceania 1.4 (3.0) 1.4 (3.0) 0.8 (1.7) 1.2 (2.5) 1.2 (2.1) 1.6 (2.7) 0.9 (1.5) 1.6 (2.7) 2.6 (2.5) 3.0 (2.8) 1.7 (1.6) 2.8 (2.6)
South America 4.4 (9.4) 0.7 (1.4) 3.0 (6.2) 0.5 (1.1) 5.1 (8.8) 0.9 (1.6) 4.5 (7.6) 0.9 (1.5) 9.5 (9.0) 1.6 (1.5) 7.5 (7.0) 1.4 (1.3)
S Continents 33.2 (71.2) 10.7 (23.0) 25.1 (52.5) 10.0 (20.9) 41.0 (70.1) 9.5 (16.2) 34.0 (58.0) 10.5(17.9) 74.2 (70.6) 20.2 (19.2) 59.1(55.6) 20.4 (19.2)
Oceans
North Atlantic 1.1 (2.3) 4.6 (9.8) 3.6 (7.5) 4.2 (8.8) 0.8 (1.3) 2.7 (4.7) 2.0 (3.4) 3.0 (5.2) 1.8 (1.8) 7.3 (6.8) 5.6 (5.2) 7.2 (6.8)
South Atlantic 0.2 (0.3) 0.4 (0.9) 1.2 (2.5) 0.4 (0.8) 1.0 (1.7) 0.6 (1.1) 1.6 (2.8) 0.6 (1.0) 1.2 (1.1) 1.0 (1.0) 2.8 (2.6) 1.0 (0.9)
N. Pacific 0.7 (1.7) 3.3 (7.2) 3.9 (8.2) 3.0 (6.2) 2.3 (3.9) 2.8 (4.8) 4.2 (7.2) 3.2 (5.5) 3.1 (2.9) 6.2 (5.8) 8.1 (7.7) 6.1 (5.8)
S. Pacific 0.2 (0.5) 0.6 (1.2) 1.5 (3.2) 0.5 (1.1) 2.0 (3.5) 0.7 (1.2) 2.5 (4.2) 0.7 (1.1) 2.2 (2.1) 1.3 (1.2) 4.0 (3.7) 1.2 (1.1)
North Indian 0.3 (0.6) 1.0 (2.2) 0.9 (1.9) 1.0 (2.1) 0.5 (0.9) 1.7 (2.8) 1.7 (2.9) 2.0 (3.3) 0.8 (0.7) 2.7 (2.6) 2.6 (2.5) 2.9 (2.8)
South Indian 0.2 (0.4) 0.8 (1.6) 1.4 (2.9) 0.7 (1.4) 1.3 (2.3) 1.0 (1.6) 1.9 (3.3) 0.9 (1.6) 1.5 (1.5) 1.7 (1.6) 3.3 (3.1) 1.6 (1.5)
Arctic 0.0 (0.0) 0.0 (0.1) 0.1 (0.3) 0.2 (0.5) 0.0 (0.0) 0.0 (0.0) 0.1 (0.1) 0.1 (0.2) 0.0 (0.0) 0.0 (0.0) 0.2 (0.2) 0.4 (0.3)
Southern 0.0 (0.0) 0.0 (0.0) 0.1 (0.1) 0.0 (0.0) 0.1 (0.1) 0.0 (0.0) 0.1 (0.2) 0.0 (0.0) 0.1 (0.1) 0.0 (0.0) 0.2 (0.2) 0.0 (0.0)
S Oceans 2.7 (5.8) 10.7 (23.0) 12.7 (26.6) 10.0 (20.9) 8.0 (13.7) 9.5 (16.2) 14.1 (24.1) 10.5 (17.9) 10.7 (10.2) 20.2 (19.2) 26.8 (25.2) 20.4 (19.2)
TOTAL 35.9 (77.0) 10.7 (23.0) 37.8 (79.1) 10.0 (20.9) 49.0 (83.8) 9.5 (16.2) 48.1 (82.1) 10.5 (17.9) 84.9 (80.8) 20.2 (19.2) 85.9 (80.8) 20.4 (19.2)
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coastal, and 10.2% non-coastal oceanic. NH3eN emissions accoun-
ted for 55.7% of the global NOxeN þ NH3eN emissions and NOxeN
emissions 44.3%. Asia had the highest continental non-coastal plus
coastal zone emissions at 35.6 Tg N or 33.9% of the global emissions,
more than twice the next highest, Africa, at 15.2 Tg N or 14.5% of the
global emissions.

4.2. Global N in precipitation and wet deposition

The measurement-based 3-year-average patterns of
precipitation-weighted mean annual concentrations of N are
shown in Fig. 4.2a and b for the periods 2000e2002 and 2005e
2007, respectively. As with sulfur, large areas of the globe have had
(and continue to have) little or no measurement coverage. In order
to fill one of the largest data gaps, i.e., South Africa, several mea-
surement points were included on the maps for periods slightly
outside (but near) the 2000e2002 period. The screened-in data set
in Fig. 4.2a comprised 433 Satisfactory, 32 Conditional and 4 Non-
Fig. 4.2. Measurement-based patterns of 3-year average precipitation-weighted m
Conforming-Period data points; the data set in Fig. 4.2b consisted
of 469, 15 and 0 data points, respectively.

Globally, the highest 3-year-average precipitation-weighted
mean concentrations of N ranged from 1.50 to 1.88 mg N L�1 in
the 2000e2002 period and from 1.50 to 1.93 in the 2005e2007
period. In both periods, the highest values, 1.88 and 1.93 mg N L�1

respectively, weremeasured at the Ust-Vym site inwestern Russian
Federation and the Chongqing-Jinyunshan EANET site in eastern
China. The other sites, characterized by concentrations greater than
1.50 mg N L�1, were located in China, Russian Federation and Italy.
The lowest concentrations measured in the two periods ranged
from 0.03 to 0.04 mg N L�1 and were located in the United States
(including Hawaii) and Malaysia. Overall, the measured concen-
trations varied over two orders of magnitude. Not unexpectedly,
the spatial pattern of concentrations bears a close resemblance to
the global pattern of NOxeN þ NH3eN emissions with high con-
centrations occurring in high emission areas and low concentra-
tions in low emission areas. Although not shown here, the
ean concentrations of N in mg N L�1 for: (a) 2000e2002 and (b) 2005e2007.
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Fig. 4.3. Measurement-based patterns of 3-year average wet deposition of N in kg N ha�1 a�1 for: (a) 2000e2002 and (b) 2005e2007.

R. Vet et al. / Atmospheric Environment 93 (2014) 3e100 41
individual Noxidized and Nreduced concentration maps are included as
Addendum Figs. S4eS7.

The measurement-based 3-year average patterns of N wet
deposition for 2000e2002 and 2005e2007 are shown in Fig. 4.3a
and b, respectively. As was the case for the precipitation-weighted
mean concentrations, the wet deposition patterns mimic the gen-
eral NOxeN þ NH3eN emissions pattern (Fig. 4.1c) with the addi-
tional influences of long range transport and precipitation amount.
In 2000e2002 and 2005e2007, the highest 3-year average
measured wet deposition occurred in Europe and Asia, ranging
from 12.00-24.55 kg N ha�1 a�1 and 12.00e27.07 kg N ha�1 a�1,
respectively. The highest global values in the two periods were
measured at the Ispra EMEP site in Italy in 2000e2002 and the
EANET site at Chongquing-Jinyunshan, eastern China in 2005e
2007. The lowest 3-year average wet deposition values measured
globally were 0.14 kg N ha�1 a�1 in 2000e2002 at the Joshua Tree
National Park NADP site in the western U.S. and 0.17 kg N ha�1 a�1

in 2005e2007 at the NADP Denali National Park site in Alaska, U.S..
The global maximum values were 175 and 159 times higher than
the global minimum values, respectively, during the two periods.
Overall, the lowest levels of wet deposition (<1.0 kg N ha�1 a�1)
Fig. 4.4. (a) Global % change between 2000e2002 and 2005e2007 3-year mean wet depos
whisker plots (per Fig. 3.5b) of % changes in wet deposition (brown), concentration (blu
(n ¼ number of sites).
occurred in western North America, northern Europe, and Russian
Federation and the highest values (>7 kg N ha�1 a�1) occurred in
eastern North America, southern Europe, northeast India, South-
east Asia and northern Oceania e again a reflection of the NOxe

N þ NH3eN emissions (Fig. 4.1c).
Noxidized and Nreduced wet deposition maps are not shown here

but are available as Addendum Figs. S8eS11. The screened-in Noxi-

dized wet deposition data set in Figs. S8 and S9, respectively, con-
sisted of 434 and 470 Satisfactory, 32 and 14 Conditional, and 4 and
0 Non-Conforming-Period data points. Similarly, the screened-in
Nreduced wet deposition data set in Addendum Figs. S10 and S11
consisted of 435 and 469 Satisfactory, 30 and 15 Conditional, and
4 and 0 Non-Conforming-Period data points, respectively. Noxidized
wet deposition in the two periods ranged from a minimum of
0.06 kg N ha�1 a�1 in 2000e2002 at Joshua Tree National Park in the
western U.S. to a maximum of 17.3 kg N ha�1 a�1 in 2005e2007 at
Mohanbari in northeastern India, the latter being due to both a very
high concentration (0.71 mg N L�1) and precipitation depth
(242 cm). Measured Nreduced wet deposition ranged from
0.08 kgN ha�1 a�1 in 2000e2002, again at Joshua TreeNational Park
in thewesternU.S., to 19.8 kgNha�1 a�1 in 2005e2007at the EANET
ition of N (calculated as 100 [D2005e2007 e D2000e2002]/[D2000e2002]) and (b) box-and-
e) and precipitation (orange) at all sites in Africa, Asia, Europe and North America
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site of Chongquing-Jinyunshan in eastern China, the latter reflecting
the extremely high NH3eN emissions in eastern China (Fig. 4.1b).

Major changes in the anthropogenic emissions of NOxeN and
NH3eN from 2000 to 2007 have occurred and been documented in
various parts of the world. For example, major NOxeN emission
reductions occurred in Europe, eastern Canada, and the eastern
U.S. (Tørseth et al., 2012; IJC, 2010), and major NOxeN and NH3eN
emission increases occurred in India and China (Garg et al., 2006;
Gu et al., 2012). As context for the assessment of the observed
changes in the 3-year average wet deposition values from 2000e
2002 to 2005e2007, continental-scale NOxeN þ NH3eN emission
changes were calculated between the same 3-year periods from
the EDGAR emission inventory (European Commission, 2011). The
emission changes were as follows: Africa þ56%; Asia þ15%; Europe
�2.7% and North America �4% (where the plus sign represents an
increase from the early to late period). Consistent with the emis-
sion changes, the median wet deposition changes were:
Fig. 4.5. (a) Measurement-model precipitation-weighted mean concentration with (b) asso
kg N ha�1 a�1 with (d) associated deposition scattergram. Measurement values represent th
the non-linear scale in the last increment of the scattergram.
Africa þ19.0%; Asia þ13.6%; Europe �2.7% and North America
�4.3% (calculated per Fig. 3.5 in the sulfur chapter). The spatial
distribution of theses changes at the global sites is shown in
Fig. 4.4a (and for Noxidized and Nreduced in Figs. S13 and S14 of the
Addendum). Fig. 4.4b presents the associated box-and-whisker
plots of the % changes in wet deposition, concentrations and
precipitation depths at the measurement sites on the four conti-
nents. From the figure, it can be seen that the increases in wet
deposition in Africa and Asia were due predominantly to increases
in N concentrations. In Europe and North America, the small
changes in wet deposition at most sites were related to offsetting
increases and decreases in the concentrations and precipitation
depths.

The combined measured data and ensemble-mean model re-
sults provide a useful tool for understanding the global concen-
tration and wet deposition patterns of N and to assess the
comparability of the measured and modeled results. To that end,
ciated concentration scattergram, and (c) measurement-model wet deposition of N in
e 3-year averages for 2000e2002; model results represent the 2001 model year. Note
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the 2000e2002 3-year average measured values are super-
imposed on the 2001 ensemble-mean modeled patterns of N
precipitation-weighted mean concentrations and wet deposition
in Fig. 4.5a and c, respectively, along with their associated scat-
tergrams of measured versus ensemble-mean modeled (grid
square) values (Fig. 4.5b,d). The model-based pattern of
precipitation-weighted mean concentration (e.g., Fig. 4.5a) was
produced by dividing the ensemble-mean annual wet deposition
value at each 1� �1� grid square by its associated ensemble-mean
annual precipitation depth. As expected, the concentration and
wet deposition patterns in Fig. 4.5a and c strongly mimic the
emissions patterns of NOxeN and NH3eN with allowances for
transport, dispersion, chemical transformation, precipitation and
deposition.

Globally, the measured and modeled precipitation-weighted
mean concentrations compare reasonably well with an overall r
value of 0.722 (n ¼ 426 grid squares) and with even scatter on both
sides of the one-to-one line except at high measured concentration
values. The r values for the individual continents were: North
America r ¼ 0.664, n ¼ 273; Europe r ¼ 0.669, n ¼ 105; Asia
r ¼ 0.743, n ¼ 38; and Africa r ¼ 0.261, n ¼ 7. The average and
standard deviation of the measurement-minus-model differences
for the 426 points was 0.04 � 0.22 mg N L�1 broken down as fol-
lows: North America ¼ 0.03 � 0.17, Europe ¼ 0.05 � 0.29,
Asia ¼ 0.22 � 0.46, Africa 0.13 � 0.14 mg N L�1. However, there is
evidence of model underprediction at a number of sites in North
America (Canada and the western U.S.), extreme southern and
northern Europe, central Africa, Brazil, northern Oceania and parts
of East Asia. In fact, the model results always underpredicted the
measured values at sites where the measured concentrations
exceeded 1.25 mg N L�1 (North America, Europe and Asia). In light
of the good measurement-model comparability at all sites with
deposition < 1.25 mg N L�1, the modeled pattern appears to
describe quite reasonably the concentrations in areas between
measurement sites.

The pattern in Fig. 4.5a indicates that global minimum N con-
centrations < 0.05 mg N L�1 occur over large swaths of the South
Pacific, South Indian, Southern and Arctic Oceans. Large regions of
the major continents and several near-continent off-shore areas
exhibit moderate concentrations in the range of 0.2e1.2 mg N L�1
Fig. 4.6. (a) Measurement-modeled pattern and (b) scattergram of % ratio of Nreduced to N
2000e2002 and the model values represent the ensemble-mean wet deposition for 2001 (
while high concentrations, from 1.2 to 2.0mg N L�1, are predicted in
the high emission areas of Europe, Pakistan, northern India and
eastern China. The maximum measured global value was
1.93 mg N L�1 at the Chongqing-Jinyunshan EANET site in eastern
China. The individual measurement-model maps of Noxidized and
Nreduced precipitation-weighted mean concentrations are not
shown here but appear as Addendum Figs. S4eS7.

For N wet deposition, the measured and modeled pattern in
Fig. 4.5c compare reasonably well, with r ¼ 0.732 (n ¼ 426) and
uniform scatter about the one-to-one line except for serious
underprediction at sites where the measured wet
deposition > 8.0 kg N ha�1 a�1 (eastern North America, Brazil,
Europe and Asia). Globally, the average and standard deviation of
the measurement-minus-model differences for the 426 grid
squares were 0.36 � 2.28 kg N ha�1 a�1 broken down as follows:
North America ¼ �0.06 � 1.09 (r ¼ 0.861, n ¼ 273),
Europe ¼ 1.36 � 3.17 (r ¼ 0.609, n ¼ 105), Asia ¼ 0.47 � 4.14
(r ¼ 0.703, n ¼ 38) and Africa 0.03 � 1.06 (r ¼ 0.753, n ¼ 7)
kg N ha�1 a�1. These numbers indicate relatively high model
underprediction in Europe and moderate underprediction in Asia.
The underprediction in Europe is largely due to underpredictions of
precipitation depth in the high deposition areas of the continent
(see Sections 3.6.3 and 4.6.3). The cause of the underprediction in
Asia is unknown but there is a body of literature suggesting that
Asian emissions are underestimated (Wang et al., 2007; Q. Zhang
et al., 2007; Lu et al., 2010; Wang et al., 2012).

The spatial pattern has a global range from <0.2 kg N ha�1 a�1

over the Arctic and Southern Oceans to just over 24 kg N ha�1 a�1 in
northern Italy and eastern China. Again, assuming that the wet
deposition pattern in Fig. 4.5c is reasonable in all areas with load-
ings <0.8 N kg ha�1 a�1, one can use the modeled pattern to
establish wet deposition levels in those areas of the globewith little
to no measurement data. This being the case, low wet deposition
levels range from 0.2 to 1 kg N ha�1 a�1 over the large sections of
the oceans. Considerably higher levels of 1e4 kg N ha�1 a�1 occur
over the mid-latitudinal areas of the northern oceans and equato-
rial regions of the Atlantic, Pacific and Indian Oceans. These rela-
tively high levels are attributable to ship emissions and off-
continent transport of continental emissions (see later discus-
sion). As expected from the global emission patterns (Fig. 4.1aec),
wet deposition. Measurement values represent the 3-year average wet deposition for
all units in kg N ha�1 a�1).
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the low-emission areas of the continents (specifically, northern and
western North America, western and southern South America,
northern and southern Africa, northern Scandinavia, northern and
central Asia and most of Oceania) received low levels of wet
deposition in the range of 0.2e2 kg N ha�1 a�1 while the densely
populated and/or intensively cultivated areas of the continents
received very high levels in the range of 2e24.55 kg N ha�1 a�1.

The relative contribution of Nreduced to N wet deposition is shown
inFig. 4.6a,whichplots themeasurement-based ratios ofNreduced toN
wet deposition superimposed on the model-based pattern. Fig. 4.6b
shows the associated measurement versus modeled scattergram of
the ratios, with r ¼ 0.543 (n ¼ 422) and the global average
measurement-model difference and standard deviation of the
ratios ¼ 1.18 � 10.62. Correlation coefficients were low for Asia
(r ¼ �0.077) and Europe (r ¼ 0.198) but high for North America
(r¼ 0.641) andAfrica (r¼ 0.931). Themeasurement andmodel-based
results suggest that large areas of the globe receive approximately
equalportionsofNreducedandNoxidized (i.e., ratio¼50%�10%).Nreduced
is the dominant contributor to Nwet deposition (i.e., ratios> 60%) in:
(1) the intensive agricultural areas that include centralNorthAmerica
and Mexico and most of South America, India, and East Asia and (2)
the lowdepositionareasof the southernAtlantic, southernPacific and
Southern Oceans that receive very low levels of wet deposition (i.e.,
<0.2 kg N ha�1 a�1). In contrast, Noxidized is the dominant contributor
(with Nreduced < 40%) in the NOxedominated emission areas of the
world including the far eastern and western regions of the U.S., the
northern Atlantic Ocean and the areas of very low precipitation
including the major deserts, Antarctica and the Arctic. Two areas of
globe where the measurement-based ratios compare poorly to the
model-based estimates are in the Russian Federation and India, with
no apparent explanation (Fig. 4.6a). The measurement-based ratios
for 2005e2007 are shown in Fig. S12 of the Addendum.

The patterns suggest that NOxeN and NH3eN emissions are
transported off the continents where they are subsequently wet
deposited on the off-coastal regions of the major oceans, most
notably off the east coast of the U.S., the west coast of Europe, the
west coast of central Africa, all coasts of India and northern Oceania
and, off the east coast of southern Asia. Wet deposition of Noxidized
and Nreduced appears to be roughly equivalent over large areas of the
globe but Nreduced is dominant in two areas e the continental areas
with intensive agricultural activity and the oceans with low N wet
deposition (although this is highly uncertain given limited of
knowledge of NH3 emitted from oceans).

4.3. Global dry deposition of N

Routine measurement-based inferential estimates of dry depo-
sition are made only in North America, Africa and Oceania. These
estimates are based on the inferential technique described in Section
2. Unfortunately, the low number of measurement sites and the
major differences in measured species and dry deposition velocity
models make it impossible to map the dry deposition estimates on
a global scale. As a result, this section on global dry deposition is
based solely on the 2001 HTAP ensemble-mean modeling results
(note however that the regional sections for North America, Africa
and Oceania contain details of the measurement-based inferential
dry deposition estimates). The HTAP 2001 ensemble-mean pattern
of N dry deposition is shown in Fig. 4.7a, along with the % contri-
bution of Nreduced to N dry deposition in Fig. 4.7b.

The global pattern of N dry deposition in Fig. 4.7a bears a close
resemblance to the global patterns of NOxeN þ NH3eN emissions
(Fig. 4.1c) with latitude for the effects of long range transport,
dispersion, chemical and physical transformation and deposition.
Highest dry deposition levels (10e20 kg N ha�1 a�1) are predicted
in the highest emission areas of the eastern U.S. (Pennsylvania and
New York), western Europe (England, Belgium, Netherlands, and
Germany), northern India, Bangladesh, and eastern China. The
maximum modeled value worldwide was 19.1 kg N ha�1 a�1 in
eastern China. Moderately high levels from 4 to 10 kg N ha�1 a�1

were predicted on all continents except Australia and Antarctica -
corresponding roughly to the areas with emissions from 10 to
20 kg N ha�1 a�1. Very low levels of dry deposition are predicted for
the low emission and/or low precipitation areas of the continents,
with values of 0.1e0.5 kg N ha�1 a�1 over themajor deserts (Sahara,
Taklimakan, Great Victoria). Dry N deposition to the oceans was
generally quite low (<0.5 kg N ha�1 a�1) except in the near-coastal
regions. The Arctic and Southern Oceans, as well as the continent of
Antarctica, had dry deposition levels of less than 0.1 kg N ha�1 a�1.

The individual ensemble-mean modeled patterns of Noxidized
and Nreduced dry deposition are not shown here but are included
as Addendum Figs. S15 and S16. Fig. 4.7b, shows the % ratio of
Nreduced to N dry deposition. The figure is quite similar in shape to
the pattern of % Nreduced to N in wet deposition (Fig. 4.6a). It can
be seen here that Nreduced dominates over Noxidized by >60% in the
major agricultural areas of the world (i.e., central North America;
northern, eastern and southern South America; east-central Af-
rica; India; Pakistan; China; and parts of Oceania), as well as over
the oceans of the Southern Hemisphere where N dry deposition is
very low. In contrast, Noxidized dominates in the non-agricultural
continental areas as well as over the oceans of the Northern
Hemisphere.

The lack of inferential measurement-based estimates of Noxi-

dized and Nreduced dry deposition is a major problem worldwide.
Routine measurements of oxidized and reduced species in air at
regionally representative stations are needed on all continents.
Ambient air measurements of NO2 and NH3 for the estimation of
nitrogen dry deposition have been called for in acid rain programs
for decades and are still badly needed. Existing filter-based mea-
surement methods used at most regional sites suffer from vola-
tilization/absorption artifacts and more accurate measurements
are required. Inferential dry deposition models must be improved,
tested and used routinely with the ambient air measurements and
the models must include bidirectional surface exchange of NO2
and NH3.

4.4. Global total deposition of N

The 2001 ensemble meanmodeled pattern of total deposition of
N is shown in Fig. 4.8a. As with dry deposition, measurement-based
data could not be superimposed. This is because measurement-
based inferential dry deposition estimates were not available
globally due to the scarcity of air concentration observations
outside of Europe and North America and the lack of inferential dry
depositionmodels outside of Africa and North America. Themodel-
based pattern identifies three regions of the globe where total
deposition is very high: western Europe (Belgium, Netherlands,
Germany) with levels from 20.0 to 28.1 kg N ha�1 a�1; South Asia
(Pakistan, India and Bangladesh) from 20.0 to 30.6 kg N ha�1 a�1;
and East Asia from 20 to 38.6 kg N ha�1 a�1 in eastern China (the
global maximum). Extensive areas of high deposition from 10 to
20 kg N ha�1 a�1 appear in the eastern U.S. and southeastern
Canada as well as most of central Europe, large sections of Pakistan,
India and Bangladesh, and large parts of East Asia including
Myanmar, Thailand, Laos, Cambodia, eastern China, the Democratic
People’s Republic of Korea, the Republic of Korea, and Japan. Small
areas of total deposition of N from 10 to 20 kg N ha�1 a�1 appear in
Mexico, southern Brazil, and Nigeria. Very large areas of the con-
tinents (except Antarctica) have deposition from 2 to
10 kg N ha�1 a�1; as do ocean areas off the coastlines of all the
continents except Antarctica. Total deposition from 4 to



Fig. 4.7. 2001 ensemble-mean patterns of: (a) dry deposition of N in kg N ha�1 a�1 and (b) % ratio of Nreduced to N in dry deposition.
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10 kg N ha�1 a�1 appears over several ocean areas including: (1) the
northern Atlantic Ocean off the east coast of North America and the
west coast of Europe, (2) the Northern Indian Ocean and (3) the
northern Pacific Ocean off the east coast of Asia. Based on the NOxe

N þ NH3eN emissions map (Fig. 4.1c), these high levels are likely
the result of ship emissions as well as transport of continental
emissions off the coastlines. In contrast to the foregoing near-
coastal areas, most of the open oceans and the remote continen-
tal areas received low levels from 0.2 to 2.0 kg N ha�1 a�1, while the
Arctic Ocean, Southern Ocean and Antarctica received global
background levels of <0.2 kg N ha�1 a�1.

As was the case with S, scientists interested in the ecological
effects of N need quantitative estimates of total deposition of N.
Unfortunately, they typically have access only to wet deposition
measurements; thus, knowing the ratio of dry deposition to total
deposition allows scientists to estimate the fluxes of total deposi-
tion from the wet-only deposition values. Fig. 4.8b shows the
estimated % contribution of dry deposition to total deposition of N.
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Fig. 4.8. 2001 ensemble-mean patterns of (a) total deposition of N in kg N ha�1 a�1, (b) % ratio of dry/total deposition of N and (c) % ratio of total deposition of Nreduced/total
deposition of N.
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Not surprisingly, the highest (>70%) dry deposition is predicted in
the driest areas of the world including southwest North America,
southwest South America, and southwest and northern Africa, all of
which are characterized by annual precipitation depths of <40 cm
a�1. With the exception of the foregoing areas, very large sections of
all of the continents were predicted to receive roughly equal con-
tributions of dry and wet deposition (i.e., 50% � 10%). Such areas
typically had NOxeN þ NH3eN emissions greater than
2 kg N ha�1 a�1 and precipitation depths greater than 40 cm a�1.
Most of the oceans and the remote low-emission areas of the
continents were dominated by wet deposition.

Fig. 4.8c shows the global pattern of % ratio of Nreduced to N in
total deposition. This pattern bears a striking resemblance to the %
ratio pattern in wet deposition (Fig. 4.6a) such that Nreduced total
deposition is roughly equivalent to Noxidized total deposition (i.e.,
50% � 10%) over large areas of all continents except Antarctica. This
is consistent with the 2001 global emission inventory in which
NH3eN emissions represent 56% of the global total of NOxe

N þ NH3eN emissions in 2001. Nreduced dominates over Noxidized
(i.e., >60% of N) throughout the major agricultural areas of the
world, particularly in the Prairies/Great Plains of central North
America, large areas of northern, eastern and southern South
America, east-central Africa, almost all of India, a large portion of
East Asia, and many of the island states of Oceania. As expected,
Noxidized total deposition dominates over Nreduced total deposition
(i.e., Nreduced <40%) in the high NOxeN emission areas of the con-
tinents. Over the oceans, large regions of the southern Atlantic,
southern Pacific and Southern Oceans that receive low levels of N
total deposition (<2 kg N ha�1 a�1) are dominated by Nreduced. The
Indian Ocean is also dominated by Nreduced but here the total
deposition levels are considerably higher, ranging from 2 to
10 kg N ha�1 a�1. In contrast, the Antarctic and Arctic regions are
predicted to be dominated by Noxidized in spite of the fact that they
receive the lowest levels of total deposition on the globe
(<0.4 kg N ha�1 a�1). Individual maps of Noxidized and Nreduced total
deposition are not included here but can be found as Addendum
Figs. S17 and S18.
4.5. Area-integrated emissions and deposition of N

Ensemble-mean area-integrated estimates of total deposition of
Noxidized, Nreduced and N are given for the non-coastal continents,
the non-coastal oceans and the continental and oceanic coastal
zones in Table 3. The area-integrated values were calculated as the
sum of the ensemble-mean grid square deposition values within
the continents, oceans and coastal zones based on the outputs of
the 16 HTAP Noxidized and 7 HTAP Nreduced models.

The area-integrated ensemble-mean emission and deposition of
N in Table 3 provide insight into the global atmospheric N budget
for 2001, most notably:

� Global total deposition of N was estimated at 106.3 Tg N, com-
parable to the global emissions of NOxeN þ NH3eN at
105.1 Tg N. The difference of 1.2 Tg N (or 1% of the global
emission total) is within the uncertainty of the emissions and
deposition estimates.

� Although the continental non-coastal areas of the globe
constitute only 26.3% of the global surface area, in 2001 they
were responsible for 70.6% of the global N emissions and
received 55.6% of global total deposition of N. The coastal zones
constituted only 14.1% of the global area but emitted 19.2% of
global N emissions and received the same percentage, 19.2%, of
total deposition. Finally, the non-coastal areas of the oceans
constituted 59.5% of the global surface area but emitted only
10.2% of the global emissions and received 25.2% of the global
total deposition of N.

� On the non-coastal portions of the continents, total deposition
of Nreduced was approximately one third higher than Noxidized
(34.0 versus 25.1 Tg N a�1, respectively) due mainly to Asia
where the deposition of Nreduced was double that of Noxidized e a
reflection of the relative emissions of NH3eN and NOxeN. In
comparison, total deposition of Nreduced and Noxidized over the
coastal zones was roughly equivalent (10.5 versus 10.0 Tg N,
respectively), and to the non-coastal oceans (14.1 versus
12.7 Tg N, respectively).

� Total deposition of N to the non-coastal continental areas was
highest in Asia (22.2% of global N deposition), Africa (10.0%) and
North America (8.0%) and lowest in Oceania (1.6%) and
Antarctica (0.0%) e a ranking consistent with the continental
rankings of N emissions. The coastal zones of the continents
were ranked slightly differently with Asia, Europe and North
America accounting for 7.1%, 3.3%, and 3.0% of the global total
deposition, respectively. For the non-coastal oceanic areas, total
deposition of N was highest over the North Pacific (7.7%), the
North Atlantic (5.2%) and the South Pacific (3.7%) and lowest
over to the Southern (0.2%) and Arctic (0.2%) Oceans. Total
deposition of N to the non-coastal continental areas plus coastal
zones was highest in Asia, which received 29.3% of the global
total or approximately 2.5 times as much as the next highest
continent, Africa, at 11.9%.

� Transport of N emissions from the continental non-coastal and
coastal zones to the oceans is an important source of oceanic N
input. The pattern of total deposition in Fig. 4.8a, for example,
shows large areas of high N total deposition extending off the
east coasts of North America, India and East Asia onto the
adjacent oceans. Quantitative estimates of the transported and
deposited amounts to the oceans were made in a manner
similar to Galloway et al. (2004), by calculating the net export of
N from the continental non-coastal and coastal areas to the non-
coastal oceans (and vice versa for the import to the oceans) as
the difference between the area-integrated emissions and
deposition based on Table 3. The calculations suggest that, on a
global scale, the N export from the non-coastal continental areas
and coastal zones to the non-coastal oceans was 14.9 Tg N, while
the import into the non-coastal oceans was 16.3 Tg N. The
1.2 Tg N difference is well within the uncertainty of these fluxes.

Overall, the 2001 HTAP ensemble-mean model results indicate
that the gridded total deposition of N was highest in East Asia,
South Asia, Europe and eastern North America and lowest over the
Southern and Arctic Oceans. They also suggest that just over half
(i.e., between 56 and 61%) of N total deposition on the non-coastal
oceanic areas was due to continental and coastal zone emissions.

4.6. Regional aspects of N deposition

4.6.1. North America
4.6.1.1. Precipitation-weighted mean concentrations and wet depo-
sition of N. The measurement-based 3-year mean annual
precipitation-weightedmean concentrationpatterns ofN for 2000e
2002 and 2005e2007 are shown in Fig. 4.9a,b, respectively, and for
wet deposition in Fig. 4.9c,d. The patterns differ from the global
patterns shown earlier in that they include interpolated contours
where measurement sites were sufficiently dense to support inter-
polation and colored dots in areas where they were not.

The highest precipitation-weighted mean concentrations of N
(0.6e1.0 mg N L�1) occurred in four locations: a hot spot in the
western U.S., the Prairie region of western Canada, the Great Plains
area of the central U.S., and the lower Great Lakes area of eastern



Fig. 4.9. 3-year average annual precipitation-weighted mean concentrations (in mg N L�1) of N for (a) 2000e2002 and (b) 2005e2007 and wet deposition of N (in kg N ha�1 a�1) for
(c) 2000e2002 and (d) 2005e2007.
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Canada/U.S. (Fig. 4.9a,b). These areas are characterized by high
emissions of both NOxeN and NH3eN. High agricultural emissions
of NH3eN occur in the Prairie and Great Plains regions, and high
emissions of both species in the Great Lakes region (Fig. 4.1a,b).
Western U.S. is characterized by several large point sources of NOxe

N emissions as well as some regions of intensive agriculture
resulting in high NH3eN emissions. Low precipitation-weighted
mean concentrations (<0.4 mg N L�1) occurred in the western,
southeastern and northeastern U.S. and in northern and eastern
Canada (Fig. 4.9a,b).

For wet deposition (Fig. 4.9c,d), the large scale patterns differ
from the patterns of precipitation-weighted mean concentration
reflecting the fact that wet deposition depends on both concen-
tration and precipitation depth. In the western half of the continent
where precipitation depths are considerably lower than in the
eastern half (typically 25e70 cm a�1 versus 70e160 cm a�1,
respectively), 3-year average annual wet deposition of N is low,
ranging from 0.2 to 4 kg N ha�1 a�1, even in areas such as Utah
where the annual concentrations in precipitation are high. The
lowest values of N wet deposition on the continent occurred in the
U.S., with a 3-year average in 2000e2002 of 0.14 kg N ha�1 a�1 at
the desert site of Joshua Tree National Park (southern California)
and a 2005e2007 value of 0.17 kg N ha�1 a�1 at Denali National
Park (Alaska). Wet deposition in the eastern half of the country is
considerably higher, ranging from 3.0 to 9.7 kg N ha�1 a�1 in 2000e
2002 and 3.0e7.8 kg N ha�1 a�1 in 2005e2007 over a very large
area. In both periods, the highest wet deposition levels occurred in
the areas to the west of and around the Great Lakes in both eastern
Canada and the eastern U.S.

Fig. 4.10aed show the individual wet deposition patterns of
Noxidized and Nreduced for the 2000e2002 and 2005e2007 periods.
The Noxidized wet deposition patterns differ markedly from the
Nreduced patterns in a manner consistent with the NOxeN and NH3e

N emissions patterns shown on Fig. 4.1a,b. Specifically, as was the
case with N wet deposition, both Noxidized and Nreduced wet depo-
sition levels were higher in the eastern half of North America than
in the western half, and the areas of maximum Noxidized wet
deposition (i.e., >3.0 kg N ha�1 a�1) were east of the areas of
maximumNreduced wet deposition (also> 3.0 kg N ha�1 a�1). Again,
this is a direct reflection of the emission patterns of NOxeN and
NH3eN.

The modeled and measured patterns of N wet deposition are
shown in Fig. 4.11a and the scatterplot of model-versus-measured
values is shown in Fig. 4.11b. The comparability of the measured
and modeled results is quite reasonable with r ¼ 0.857 (n ¼ 270).
However, the modeling results generally underestimate the
measured deposition values of >6 kg N ha�1 a�1 in eastern Canada
around Lakes Superior, Erie, and Ontario in the eastern U.S. and
overestimate the measured values in the range of 4.0e
6.0 kg N ha�1 a�1 in the agricultural area of the central U.S. (i.e., the
states of Nebraska, Kansas, Illinois, Michigan, Indiana and Ken-
tucky) as well as at a few individual sites across the continent. In
most of western and northern Canada and the western U.S., the
modeled pattern shows the same large area of low N wet
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Fig. 4.10. 3-year average annual wet deposition of Noxidized for (a) 2000e2002 and (b) 2005e2007 and of Nreduced for (c) 2000e2002 and (d) 2005e2007 in kg N ha�1 a�1.
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deposition as the measurements, with levels < 2.0 kg N ha�1 a�1.
The comparability between the model and measurement results
provides reasonable assurance that the model-based pattern can be
used to interpolate between measurement sites and to extrapolate
to areas where no measurements exist.

Based on the modeling results, the continental background level
of N wet deposition is less than 0.5 kg N ha�1 a�1 and occurs in the
western U.S., northern Canada and northwesternMexico. InMexico
where no measurement data were available, moderate wet depo-
sition levels (2.0e4.0 kg N ha�1 a�1) were estimated by the HTAP
models although very high values (4.0e6.0 kg N ha�1 a�1) were
predicted near Mexico City. Wet deposition levels over vast (un-
measured) sections of western and northern Canada range from
<0.5 kg N ha�1 a�1e6.0 kg N ha�1 a�1. Large areas of Canada located
to the north and east of the Great Lakes received relatively high
levels of wet deposition in spite of having low emissions of NOxe

N þ NH3eN, a fact consistent with many transport studies that
indicate emissions are transported over long distances before being
wet deposited (Vet et al., 2005; Vet and Ro, 2008). The coastal re-
gions of the Gulf of Mexico and the Atlantic Ocean are predicted to
have relatively high levels of wet deposition (1.5e6.0 kg N ha�1 a�1)
due to ocean-based ship emissions and off-continent transport of
continental N emissions.

Fig. 4.12a shows the model and measurement patterns of the %
ratio of Nreduced to N in wet deposition and Fig. 4.12b shows the
associated measurement-versus-model scattergram (r ¼ 0.641,
n ¼ 270). Nreduced appears as the major contributor to N wet
deposition (i.e., ratios > 50%) in and near the agriculturally-
dominated areas of central U.S., central Canada and Mexico. Alter-
natively, Noxidized is themajor contributor (i.e., Nreduced< 50%) along
the western and eastern regions of the U.S. and Canada, northwest
Mexico and off the Atlantic coast of Canada and U.S.. The
measurement-based ratios for the 2005e2007 period (not
included) show a marked increase in the % contribution of Nreduced
to N in wet deposition relative to 2000e2002, which is consistent
with documented decreases in Canadian and U.S. NOx emissions
and increases in NH3 emissions (IJC, 2010).

4.6.1.2. Dry deposition of N. Dry deposition estimates of Noxidized,
Nreduced and N are available weekly in North America from the U.S.
CASTNET network and daily from the Canadian CAPMoN network,
in both cases based on the inferential technique described in
Section 2. The gaseous (HNO3) and particle (p-NO3

�, p-NH4
þ) con-

centration measurements in the two countries/networks are
comparable, but their associated dry deposition velocities and flux
values are different (Schwede et al., 2011), with Canadian velocities
and fluxes being systematically higher than the U.S. values
(Schwede et al., 2011). In the absence of known true dry deposition
estimates at the measurement sites, it is not possible to say which
of the two countries’ estimates is the more accurate, so we have
included the dry deposition values of both countries as estimated
by their specific inferential calculation techniques.

It is important to note that the CASTNETand CAPMoN inferential
dry deposition estimates are very likely underestimated and highly
uncertain (Zhang et al., 2009): the former because ambient con-
centrations of NO2 and NH3 are not measured by the networks and
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Fig. 4.11. (a) 2001 ensemble-mean model pattern of wet deposition of N, combined with measured 3-year average annual wet deposition values for the period 2000e2002 (in
kg N ha�1 a�1) and (b) scattergram of measured versus modeled (grid square average) values.

Fig. 4.12. (a) 2001 ensemble-mean model pattern of wet deposition of the ratio of Nreduced to N combined with measured 3-year average annual wet deposition ratios for the period
2000e2002 (in %) and (b) associated scattergram of measured (site) and modeled (grid cell average) values.
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are therefore not included in the estimates of N dry deposition; the
latter because NH4NO3 is known to volatilize from particle collec-
tion filters causing uncertainty in the gas-particle partitioning of
HNO3, NO3

� and NH4
þ (Sickles et al., 1999). In spite of these limita-

tions, the CASTNET and CAPMoN dry deposition estimates are
Fig. 4.13. (a) 2001 ensemble-mean modeled pattern of dry deposition and measurement-
including the dry deposition of NO2 and NH3) for N in kg N ha�1 a�1 and (b) associated sca
ensemble-mean modeled % ratio of Nreduced to N dry deposition; (d) 2005e2007 measurem
presented here since they represent the state-of-the-art science for
continental-scale, routine, measurement-based inferential esti-
mates of dry deposition.

Fig. 4.13aec show the 2000e2002 measurement-based
inferential 3-year annual mean dry deposition estimates
based inferential estimates of 2000e2002 3-year average annual dry deposition (not
ttergram of measured versus modeled (i.e., grid square average) values of N; (c) 2001
ent-based inferential 3-year average annual estimates.
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superimposed on the 2001 HTAP modeled dry deposition
pattern of N, the associated scatterplot and the % ratio of Nreduced
to N dry deposition. Fig. 4.13d shows the measurement-based
inferential 3-year annual mean fluxes for 2005e2007. The
measurement-versus-model comparability clearly shows the
aforementioned overestimation of the HTAP modeled fluxes,
although the correlation is relatively high at r ¼ 0.769 (n ¼ 70).
The mean of the HTAP modeled dry deposition values exceeds
the measurement-based inferential dry deposition mean by
4.11 � 2.20 kg N ha�1 a�1 (212% higher than the measurement
mean) in eastern North America and 1.14 � 0.63 kg N ha�1 a�1

(222% higher than the measurement mean) in western North
America. Individual comparisons for Noxidized and Nreduced dry
deposition (not shown) indicate that the HTAP model-based
estimates for both variables are higher than the measurement-
based inferential dry deposition values. The causes of the
discrepancy are thought to be due in part to the lack of routine
NOxand NH3 measurements used to generate the measurement-
based inferential fluxes.

The measurement-based inferential and model-based dry
deposition estimatesof N are lower in western North America than
in eastern North America in both periods, with the exception of
southern California. Dry deposition of N at most sites in thewestern
U.S. is <2 kg N ha�1 a�1 compared to < 5 kg N ha�1 a�1 in the
eastern U.S.. In both periods, the maximum dry deposition on the
continent (both model- and measurement-based) occurred in the
high NOx emission area of the U.S. northeast where the model-
based dry deposition ranged from 7.0 to 11.0 kg N ha�1 a�1. In
Canada, the highest dry deposition values ranged from 3 to
7 kg N ha�1 a�1 in the urban and agricultural areas of southern
Ontario and southern Quebec, immediately adjacent to the
maximum area in the U.S. northeast. Secondary hot spots of dry
deposition are modeled in southern California (3e7 kg N ha�1 a�1)
and central Mexico (3e5 kg N ha�1 a�1). The lowest modeled dry
deposition estimates on the continent were <0.5 kg N ha�1 a�1 in
northern Canada where NOx and NH3 emissions are low. Fig. 4.13c
shows that Nreduced dry deposition dominates Noxidized dry depo-
sition in the predominantly agricultural areas of west-central
Canada, central U.S., western Mexico and the southern Caribbean.

4.6.1.3. Total deposition of N. The measurement-based 3-year
average annual estimates of N total deposition for 2000e2002
(not including NO2 and NH3 dry deposition) are superimposed on
the 2001 HTAP ensemble mean model pattern (including NO2 and
NH3 dry deposition) and shown in Fig. 4.14a. A scatterplot of the
measured and modeled deposition is shown in Fig. 4.14b and the
2005e2007 measurement-based results are shown in Fig. 4.14c.
Modeled values of total deposition range from 0.10 to
17.67 kg N ha�1 a�1 and the modeled area of highest deposition
(ranging from 15.0 to 17.67 kg N ha�1 a�1) occurs in the densely
populated, highly industrialized and intense agricultural areas of
the northeastern U.S. south of the Great Lakes. The lowest deposi-
tion occurs in the western U.S. and western/northern Canada. Most
of the western portion of the continent except for southern Cali-
fornia, an area of Nevada, Oregon, Idaho, and all of northern Can-
ada, exhibit moderate levels of total deposition from 2.0 to
4.0 kg N ha�1 a�1 while the central and eastern portions have very
high levels ranging from 4.0 to 17.67 kg N ha�1 a�1. In Mexico,
deposition is in the 2.0e10.0 kg N ha�1 a�1 range except on the Baja
Peninsulawhere it drops below 2.0 kg N ha�1 a�1. TheMexican area
of highest deposition corresponds to the intensely populated
agricultural area around Mexico City.

The measurement-based 3-year-average annual estimates of N
total deposition for 2000e2002 and 2005e2007 (with their built-
in underestimation) are typically lower in western North America
with means of 2.3 and 2.1 kg N ha�1 a�1 (and ranges of 0.4e3.9 and
0.3e3.7 kg N ha�1 a�1), respectively, than in eastern North America
withmeans of 7.3 and 6.5 kg N ha�1 a�1 (and ranges of 1.2e12.4 and
2.7e10.3 kg N ha�1 a�1), respectively. The area of highest total
deposition in both periods occurred in the major NOx and NH3
emission areas of the U.S. Midwest, Ohio River Valley and Boston-
New York corridor, and in southern Ontario and southern Quebec
of Canada. The area of lowest measurement-based total deposition
was in the western half of the continent where the lowest site
values ranged from 1.1 to 1.7 kg N ha�1 a�1. In the eastern half of the
continent, the lowest values occurred in northern Quebec (Canada)
and Maine and Florida (U.S.) where the range was from 3.1 to
4.9 kg N ha�1 a�1 in 2000e2002 and 2.6e4.2 kg N ha�1 a�1 in
2005e2007.

As seen in Fig. 4.14b, the measured and modeled total deposi-
tion estimates correlate well (r¼ 0.793, n¼ 59) but, due to the lack
of NO2 and NH3 measurements, the measurement-based total
deposition values are in general lower than the modeled values.
This is predominantly so in the U.S., where the measurement-
based estimates represent about 56% of the modeled values
(where 0.56 ¼ slope of the regression line through zero;
r ¼ 0.7457; n ¼ 55). In Canada, the measurement-based values
compare better to the modeled values with a zero-forced regres-
sion slope of 1.03 (r ¼ 0.9563; n ¼ 10). The better agreement in
Canada is thought to be due to three reasons: (1) NO2 and NH3 dry
deposition are generally lower in Canada than the U.S., (2) the
Canadian inferential dry deposition velocity and flux model pro-
duces higher estimates of HNO3 than the U.S. model (Schwede
et al., 2011), and (3) dry deposition is a smaller contributor at
most of the Canadian sites than at many of the U.S. sites. With
regard to #2, the ambient concentrations of HNO3 compared
reasonably well between the two networks (median %
difference ¼ 18.5%; Canada higher) but the Canadian dry deposi-
tion velocities and fluxes were considerably higher (median %
differences ¼ 34.7% and 46.6%, respectively). The higher estimates
by the Canadian model were attributed to lower aerodynamic
resistances of HNO3 (Schwede et al., 2011).

The HTAP ensemble-mean modeling results provide useful in-
formation about the relative contribution of dry deposition to total
deposition of N (as seen globally in Fig. 4.8b) and the relative
contribution of Nreduced to total deposition of N (Fig. 4.8c). Fig. 4.8b
shows that modeled dry deposition values of N are approximately
equal (i.e., ratios ¼ 50% � 10%) across most of the U.S., Mexico and
central Canada. Dry deposition is the dominant contributor (60e
85%) in the southwestern U.S.A., northwestern Mexico, over the
Pacific Ocean off the west coast, and over selected areas of western
and central U.S. while wet deposition is the dominant contributor
(0e40% dry deposition) over most of Canada, especially in the north
and east.

Based on Fig. 4.8c, Nreduced is the main contributor to total
deposition of N (50%e85%) in the agricultural areas of central U.S.,
central Canada, Mexico and in the eastern Caribbeanwhile Noxidized
is the main contributor (15%e50% Nreduced) in the eastern and
western parts of Canada and the U.S. as well as northern Canada
and over the North Atlantic Ocean off the east coast of the
continent.

4.6.1.4. Wet deposition changes in the 2000s. Anthropogenic NOxe

N emissions decreased markedly in U.S. beginning in 1999 and in
Canada in 2003 due to emission control regulations in both coun-
tries (IJC, 2010). The 3-year average NOxeN emissions in the U.S.
decreased 15% from 6.01 MT N a�1 in 2000e2002 to 5.10 MT N a�1

in 2005e2007 and, in Canada, decreased 7% from 0.76 MT N a�1 to
0.71MT N a�1. The largest NOxeN emission changes occurred in the
high-emission region that encompasses much of southeast Canada



Fig. 4.14. (a) The 2001 ensemble-mean modeled pattern of N total deposition in kg N ha�1 a�1 with measurement-based 2000e2002 3-year average annual estimates (without NO2

and NH3 dry deposition); (b) the associated scatterplot of measured versus modeled (grid cell average) values; (c) 2005e2007 measurement-based 3-year average annual estimates.
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and the northeast U.S. where annual emissions decreased by 29%
and 28%, respectively, from 2000 to 2007 (IJC, 2010).

An extensive body of literature has been published that links the
foregoing emission reductions to major declines in observed
Noxidized wet deposition (IJC, 2010; Sickles and Shadwick, 2007;
Likens et al., 2005; Butler et al., 2005, 2003; Eshleman et al.,
2013), Noxidized air concentrations (Butler et al., 2011; Canada,
2011; IJC, 2010; Sickles and Shadwick, 2007), and inferential
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Fig. 4.15. Annual wet deposition of N over North America in (a) 2000 and (b) 2007.
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Noxidized dry deposition (Sickles and Shadwick, 2007; Butler et al.,
2005). The 2000e2002 and 2005e2007 measurement-based wet
deposition patterns shown in Fig. 4.10a,b confirm that Noxidized wet
deposition decreased in both Canada and the U.S. concomitant with
the decreases in NOxeN emissions. The largest wet deposition de-
creases of 10e50% occurred in the northeastern U.S. and south-
eastern Canada with more moderate decreases 3 of 10%e30% over
most of the continent with the exception of a few sites in the U.S.
and western Canadawherewet deposition increased in response to
increasing regional emissions.

Ammonia emission trends in Canada and the U.S. during the
1990s and 2000s are difficult to quantify because the U.S. meth-
odology for estimating NH3eN emissions changed in 2001 (EPA,
2004). However, the U.S. Environmental Protection Agency in-
dicates that national total emissions of NH3eN remained relatively
constant at about 3.01 MT N a�1 from 2002 to 2007 (http://www.
epa.gov/ttn/chief/eiinformation.html). In Canada, the National
Pollutant Release Inventory similarly indicates that the 3-year
average NH3eN emissions in the 2000e2002 and 2005e2007 pe-
riods were roughly constant, with values of 0.4339 MT a�1 and
0.4298MTa�1, respectively (http://www.ec.gc.ca/inrp-npri/default.
asp?lang¼en&n¼0EC58C98#Emission_Summaries). Agricultural
sources accounted for 90% of NH3eN emissions in 2007 in both
countries (IJC, 2010). Fig. 4.10c,d above indicate that Nreduced wet
deposition increased (calculated as 10 to >50%) in the central U.S.
and selected parts of the eastern U.S., but decreased (calculated as
0e30%) in most of the eastern part of the continent.

Changes in annual N wet deposition patterns from 2000 to 2007
are shown in Fig. 4.15a,b. These patterns reflect the combined ef-
fects of Noxidized and Nreduced emission changes. Most of the eastern
and western sites show decreasing wet deposition due to decreases
in NOxeN and NH3eN emissions. Most of the central sites show
increases or no change due to increasing or relatively minor
changes to NH3eN emissions. In the eastern part of the continent,
the decrease in wet deposition is most visible from the marked
reduction in the area encompassing the �7 kg N ha�1 a�1 contour,
corresponding to a decrease from 241,900 km2 in 2000 to
77,700 km2 in 2007. As was the case with SO2 emission reductions
in Canada and the U.S. (Section 3), NOx emissions reductions were
very effective at reducing N wet deposition in the eastern half of
North America.

4.6.2. South America

4.6.2.1. Precipitation-weighted mean concentrations and wet depo-
sition of N. Emissions of NOxeN and NH3eN in South America are
relatively low compared to other parts of the world, e.g., the HTAP
ensemble-mean NOxeN þ NH3eN annual emissions in 2001 were
9.5 Tg N or 9.0% of the global emissions (Table 3). NOxeN and
NH3eN 2001 annual emissions are highest in the central and
southeastern parts of Brazil, parts of Venezuela, Colombia and
Argentina (as well as Paraguay and Uruguay for NH3eN emis-
sions). South America in general stands out as the global region
with the highest inputs of reactive N from naturally-occurring
biological nitrogen fixation (Galloway et al., 2004). Increasing
cultivation of nitrogen-fixing crop species, biomass burning, use
of synthetic N fertilizer and urbanization contribute to the in-
crease in N emissions in the region (Galloway et al., 2004;
Martinelli et al., 2006). The EDGAR emission inventory suggests
a continental-scale increase in the 3-year average NOxeN and
NH3eN emissions from 2000e2002 to 2005e2007 of 6% and 15%,
respectively (calculated from EDGAR emission inventories pub-
lished in European Commission, 2012).

Studies in South America that report measured concentrations
of N in precipitation are predominantly from Brazil and Venezuela
and are short-term in nature with a focus on industrial and urban
areas. Concentrations of N in precipitation reported in the literature
for the Brazilian Amazon basin (Goncalves et al., 2003; Pauliquevis
et al., 2012) are < 0.1 mg N L�1 and are comparable to those
observed in other remote sites in tropical forests (Pauliquevis et al.,
2012). In southern Brazil, reported N concentrations in precipita-
tion at sites near industrial and/or urban areas range from 0.1 to
0.4 mg N L�1 for NO3

�-N and <0.1e0.5 mg N L�1 for NH4
þ-N

(Casartelli et al., 2008; Pelicho et al., 2006; Migliavacca et al., 2004,
2005; Flues et al., 2002; Lara et al., 2001). Concentrations of NO3

�-N
and NH4

þ-N at sites in the Itataia National Park (De Mello and De
Almeida, 2004), 150 km from Rio de Janeiro and 200 km from Sao
Paulo, were at the lower end of this range (0.1 and 0.2 mg N L�1 at
high and low elevation sites, respectively, in the case of both spe-
cies), while concentrations from the largemetropolitan areas of Sao
Paulo (Fornaro and Gutz, 2003, 2006; Rocha et al., 2003) and Rio de
Janeiro (De Mello, 2001) were at the higher end (0.2e0.3 mg N L�1

for NO3
�-N and 0.2e0.5 mg N L�1 for NH4

þ-N). Notably higher con-
centrations were reported by Forti et al. (2005) at an Atlantic forest
site within Sao Paulo, at 0.9 mg N L�1 and 0.8 mg N L�1 for NO3

�-N
and for NH4

þ-N, respectively. A Venezuelan study (Morales et al.,
2001a) assessed the impact of urban and industrial sources on
the Lake Maracaibo basin and found that NO3

�-N and NH4
þ-N con-

centrations ranged from 0.34 to 1.20 mg N L�1 and 0.09e
0.32 mg N L�1, respectively, contributing to NO3

�-N þ NH4
þ-N con-

centrations of 0.97e2.0 mg N L�1.

http://www.epa.gov/ttn/chief/eiinformation.html
http://www.epa.gov/ttn/chief/eiinformation.html
http://www.ec.gc.ca/inrp-npri/default.asp?lang=en%26n=0EC58C98
http://www.ec.gc.ca/inrp-npri/default.asp?lang=en%26n=0EC58C98
http://www.ec.gc.ca/inrp-npri/default.asp?lang=en%26n=0EC58C98
http://www.ec.gc.ca/inrp-npri/default.asp?lang=en%26n=0EC58C98
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In this assessment, measurement data were included from only
a single regionally representative site in South America (Brazil) that
met the time period restrictions and quality acceptance criteria. The
precipitation-weighted mean concentration and wet deposition
values, as provided by Forti (personal communication, April 29,
2010), appear in Figs. 4.2a and 4.3a and were measured at a for-
est site in eastern Brazil (Cunha) for the period 1999 to 2001. The
precipitation-weighted mean concentrations at Cunha were
0.1 mg N L�1 for NO3

�-N and 0.4 mg N L�1 for NH4
þ-N, for a total

concentration of N of 0.5 mg N L�1. These values are reasonably
close to the modeled values of 0.09, 018 and 0.27 mg N L�1 in the
Cunha grid square (Fig. 4.5a).

The sparse amount of data in South America makes it necessary
to rely on the HTAP model results to understand the concentration
pattern across South America. To that end, the HTAP concentration
pattern (Fig. 4.5a) generally resembles the pattern of NOxe

N þ NH3eN emissions (Fig. 4.1c), with low concentrations in the
range of <0.04 mg N L�1 in southern Argentina, higher concen-
trations in the range of 0.1e0.4 mg N L�1 in Venezuela, Colombia,
Ecuador, northern Chile, central Amazonia, southeastern Brazil and
northern Argentina (with an extension into the eastern Pacific
Ocean), and hotspots of 0.4e1 mg N L�1 in southern Brazil. The
lowest concentrations on the continent are in the same range as
concentrations in other remote areas of the world.

The measured 3-year average wet deposition of NO3
�-N and

NH4
þ-N at Cunha were 2.8 kg N ha�1 a�1 and 7.8 kg N ha�1 a�1,

respectively, producing a wet deposition of N of 10.6 kg N ha�1 a�1

(Fig. 4.3a). As was the case for the precipitation-weighted mean
concentrations, the 2001 ensemble-mean model results (Fig 4.5b)
underestimated the measured Noxidized, Nreduced and N wet depo-
sition at Cunha, with values of 1.26, 2.55 and 3.81 kg N ha�1 a�1 as
grid square average values, respectively. Overall, the modeled
pattern (Fig. 4.5c) of N wet deposition shows low fluxes of
<2 kg N ha�1 a�1 over most of the continent except for two higher
deposition areas in the range of 2e10 kg N ha�1 a�1 encompassing
the northwest and east-central areas of Venezuela, Colombia,
central and southern Brazil, Paraguay, Uruguay and parts of Bolivia
and Argentina. Low values in central Amazonia have been
confirmed by Pauliquevis et al. (2012) who report annual deposi-
tion of 2.0 kg N ha�1 a�1 for NO3

�-N and 1.4 kg N ha�1 a�1 for NH4
þ-N

over a 3.5 yr period between 1998 and 2001 (slightly higher than
the 2001 modeled values of 0.83 and 0.97 kg N ha�1 a�1).

4.6.2.2. Dry deposition of N. The only recent publications exam-
ining N dry deposition in South America have originated in Brazil
(Trebs et al., 2006; Allen et al., 2011) and Argentina (Pineda Rojas
and Venegas, 2008, 2009). These studies assess the influence of
emissions from urban and industrialized areas on dry deposition by
applying different modeling techniques and do not report annual
dry deposition values that can be compared here. The absence of
regionally-representative measurement-based inferential dry
deposition estimates in South America makes it necessary to
evaluate the continental pattern of dry deposition based on the
2001 HTAP ensemble-mean modeling results (Fig. 4.7a). Again not
surprisingly, the South American dry deposition pattern closely
mimics the NOxeN þ NH3eN emission pattern (Fig. 4.1c) with the
highest dry deposition occurring in the 2.0e4.0 kg N ha�1a�1 range
in Venezuela, Colombia, Bolivia, Paraguay, Uruguay, central and
southern Brazil and northern Argentina, and the lowest fluxes in
the 0.2e1.0 kg N ha�1 a�1 range in the low emission areas of the
continent (i.e., emissions<2 kg S ha�1 a�1). Maximummodeled dry
deposition occurs in southern Brazil at 4.0e10 kg N ha�1 a�1.
Fig. 4.7b suggests that N dry deposition is dominated by Nreduced
dry deposition, with ratios of Nreduced to N > 50% over most of the
continent.
4.6.2.3. Total deposition of N. The HTAP modeling results for total
deposition of N in South America (Fig. 4.8a) also closely resemble
the NOxeN þ NH3eN emissions pattern (Fig. 4.1c). Fluxes greater
than 4 kg N ha�1 a�1 are modeled in the high emission areas of
Venezuela, Colombia, Ecuador, central and southeastern Brazil,
Bolivia, Paraguay, Uruguay and northern Argentina. Fluxes over the
rest of the continent are in the 0.4e4.0 kg N ha�1 a�1 range.
Maximum total deposition of >10 kg N ha�1 a�1 is projected for a
small area in southern Brazil.

In South America, reliance on global model emission and
deposition estimates not validated by observations is an unsatis-
factory benchmark for assessing ecosystem impacts of nitrogen
from human and natural activities. Several long-term, regionally
representative air and precipitation monitoring stations are needed
throughout the continent. At the time of writing, a coordinated
effort was underway to establish such a multi-country network of
sites.

4.6.3. Europe
4.6.3.1. Precipitation-weighted mean concentrations and wet depo-
sition of N. Europe has an extensive network of wet deposition
measurements, mainly from the EMEP Programme and a few
additional national programmes as described in Section 2. The
measurement-based 3-year annual precipitation-weighted mean
concentrations of Noxidized þ Nreduced for 2000e2002 and 2005e
2007 are shown in Fig. 4.16a and b, respectively, and for wet
deposition in Fig. 4.17a and b, respectively. Concentration mea-
surements from the 2000e2002 period are superimposed on the
isopleth map of 2001 HTAP modeled pattern in Fig. 4.16a with a
model-measurement correlation coefficient of 0.669 for n ¼ 105
(Fig. 4.5b). Highest measured concentrations of 1e2 mg N L�1

occurred throughout Europe, typically in regions of major agricul-
tural activity and/or high traffic (Denmark, Italy, Serbia, Poland,
Spain, and parts of the Russian Federation). The poorest model
performance (underprediction) occurred at a number of the high
concentration sites in Spain, UK, Serbia and the Russian Republic,
many of which had conditional data. Low concentrations of
<0.4 mg N L�1 occurred on the outer edges of Europe, i.e. Scandi-
navia, Ireland and Portugal.

Measured wet deposition of N ranged from <1 to
25 kg N ha�1 a�1 while themodeledwet deposition ranged from<1
to <12 kg N ha�1 a�1 (Fig. 4.17a,b). Overall, the modeled and
measured values compared reasonably well (r ¼ 0.609, n ¼ 105;
Fig. 4.5d) except in south-central and north-central Europe where
the model seriously underpredicted wet deposition (Fig. 4.17a). The
higher measurement-model correlation for concentrations
(r ¼ 0.669) compared to wet deposition (r ¼ 0.609) indicates that
precipitation depth was not modeled well in parts of Europe. This
was confirmed by the very narrow range of modeled precipitation
depths, from 28.9 to 118.5 cm, compared to the range of measured
values from 23.9 to 306.9 cm.

Modeled estimates of measured wet deposition were particu-
larly poor in areas of high annual precipitation depth (>150 cm),
most notably in the Alps and along the coast of southwestern
Norway. This is not surprising since precipitation depths in coastal
and mountainous areas vary substantially over short distances
while the global models predict precipitation depths on coarse grid
resolutions of 1� �1� or more. Thus, the poor measurement-model
comparability of wet deposition in these areas is likely related to a
large degree to different spatial representativeness of measure-
ments and models rather than to poor model performance. This is
an important consideration when interpreting HTAP modeled wet
deposition in high precipitation areas of Europe and elsewhere.

In eastern Europe, the model results showed elevated wet
deposition in Ukraine, but there were no measurements with



Fig. 4.16. (a) 2001 ensemble-mean model pattern of precipitation-weighted mean concentration of N in Europe combined with measured 3-year average annual precipitation-
weighted mean concentration values for the period 2000e2002 and (b) measured 3-year average annual precipitation-weighted mean concentrations for the period 2005e
2007 (mg N L�1).

Fig. 4.17. (a) 2001 ensemble-mean model pattern of wet deposition of N, in Europe combined with measured 3-year average annual wet deposition values for the period 2000e
2002 and (b) measured 3-year average annual wet deposition for the period 2005e2007 (kg N ha�1 a�1).
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which to confirm this except for a 2008 study at the Pop Ivan site in
the CarpathianMountains in Ukrainewhere the observed bulk (wet
NeNO3 þ NeNH4) deposition was 5.7 kg N ha�1 a�1 (Oulehle et al.,
2010). For comparison, the home grid square 2001 HTAP ensemble-
mean value was 7.35 kg N ha�1 a�1. The lowest levels of wet
deposition occurred in northern Scandinavia, western and northern
British Isles, and parts of the Russian Federation and Spain. The low
deposition in parts of the Russian Federation and Spain is a
reflection of the very low precipitation amounts in these areas
rather than low concentrations.

On average, the contributions of Noxidized and Nreduced to N wet
deposition are about the same (Fig. 4.6a,b). However, in the Benelux
(BelgiumeNetherlandseLuxembourg) region and in Ireland, the
contribution of Nreduced wet deposition exceeds that of Noxidized.
Furthermore, individual sites in Norway, Russian Federation and
Portugal show elevated Nreduced compared to Noxidized due to local
sources. In eastern Europe (Romania, Ukraine and Belarus) the
HTAP model results show a higher relative contribution of Nreduced.
In contrast, there is a higher contribution of Noxidized wet deposition
in the Nordic countries and the Mediterranean.

4.6.3.2. Dry deposition of N. Dry deposition is important to the total
deposition budget of N in Europe, but unfortunately the EMEP
network has no specific measurements of dry deposition and no
routine application of an inferential model to the EMEP measure-
ments of ambient gaseous and particulate N. Furthermore, themost
common method to measure air concentrations of Noxidized and
Nreduced (except for NO2) in the EMEP network is the filter pack

mailto:Image of Fig. 4.16|tif
mailto:Image of Fig. 4.17|tif


R. Vet et al. / Atmospheric Environment 93 (2014) 3e100 57
method, which has issues of proper gas-particle partitioning (see
Section 2). Since the dry deposition velocities of gaseous and par-
ticulate species are so different, unbiased concentration measure-
ments are essential for calculating accurate estimates of N dry
deposition. That said, air concentrations of the various gaseous and
particulate N compounds measured in the EMEP network
(Hjellbrekke and Fjæraa, 2009) show a similar, though more scat-
tered, spatial pattern than the HTAP modeled dry deposition
(Fig. 4.7a). The highest modeled dry deposition of N occurred in
central Europe and UK, with a maximum in the Benelux region. In
general, the relative contribution of Noxidized is somewhat higher
than Nreduced, and the highest difference among the two appears in
the Nordic countries. Conversely, dry deposition of Nreduced is
higher than Noxidized in Ireland and the Benelux region (Fig. 4.7b).

The European Union project, NitroEurope, has established a
network of advanced flux measurements at a few selected sites and
a large-scale network of low cost denuders (Skiba et al., 2009).
These measurements have been combined with various inferential
models to calculate dry deposition (Flechard, 2011). For the period
November 2006eDecember 2007, the first results from these
measurements showed that net N dry deposition at a selection of
these sites across Europe ranged from 0.5 to 18 kg N ha�1 a�1. The
highest fluxes were measured at agricultural sites in the
Netherlands and Italy and the lowest at forest and wetland sites in
Finland with values of w7e8 kg N ha�1 a�1 at arable and grassland
sites in the UK, Switzerland, Hungary and France (Skiba et al.,
2009).

An extended study using data from all 55 NitroEurope sites for
the period 2007e2008 (Flechard, 2011) showed that different
inferential models yielded quite different fluxes of nitrogen. Four
different inferential models were compared, and the annual dry
deposition estimates for all the sites varied typically by a factor 2 to
3 (Flechard, 2011). The most significant differences were found for
NH3 for all vegetation types, and for fine particles (NH4

þ and NO3
�)

over forests. There were large differences between the models in
their parameterizations of stomatal conductance and non-
stomatal resistances. Further, the authors showed that the un-
certainties in the inferential dry deposition estimates could be
reduced by on-site recording of vegetation parameters like leaf
area index and canopy height. To validate and improve these
models, it is necessary to compare the results to direct long-term
micrometeorological flux measurements over different vegeta-
tion types, but few of these datasets are available (Flechard et al.,
2011). Data from a national study on the German/Czech border
yielded an average inferential dry deposition of 6.1 kg N ha�1 a�1

for the period 2002e2004 (Zimmermann et al., 2006). This is
consistent with the modeling results in Fig. 4.7a, showing a value
of 4e10 kg N ha�1 a�1.

These results indicate the importance of dry deposition in large
parts of Europe and illustrate the challenge in estimating dry
deposition. To date, no inferential estimates of dry deposition have
been made using the extensive ambient concentration measure-
ments of the EMEP network. Additionally, no inferential dry
deposition models have been evaluated or developed for this pur-
pose. Such work would be extremely valuable.

The 2001 HTAP ensemble-mean model results (Fig. 4.7a) show
an N dry deposition pattern similar in shape to the NitroEurope
network, although the model results are from an earlier time
period. Maximum dry deposition in the HTAP modeled results is
lower than calculated by the measurement-based inferential
method. On the other hand, one should note that some of the high
deposition sites in NitroEurope are situated in agricultural areas,
which may not be regionally-representative. The HTAP modeling
results indicate that the Nordic countries receive < 1 kg N ha�1 a�1

from dry deposition; central and eastern Europe receive 5e
10 kg N ha�1 a�1 and the hot spot areas of the Netherlands, UK, and
Germany receive >10 kg N ha�1 a�1.

4.6.3.3. Total deposition of N. Given that there are few long-term
measurements of dry deposition and that the short-term projects
and campaigns are not necessarily conducted where wet deposi-
tion is measured, it is difficult to estimate the total deposition of N
from measurements in Europe. Estimates from a throughfall mea-
surement network in Europe (Lorenz et al., 2007) generally un-
derestimate N total deposition due to the considerable uptake of
nitrogen in the forest canopy. This is especially true for Nreduced.
Furthermore, throughfall is measured in forests, which typically
have higher deposition rates than other land surfaces and may not
necessarily be representative of Europe as a whole.

Notwithstanding these shortcomings, throughfall data can serve
as a useful guide to examine spatial gradients of total deposition.
Lorenz et al. (2007) estimated that the average Noxidized deposition
in throughfall for the period 2002e2004 ranged from 0.2 to
19 kg N ha�1 a�1 and for Nreduced from 0.2 to 24 kg N ha�1 a�1.
Highest N throughfall fluxes were mainly seen in central Europe,
while lowest levels were seen in northern Europe and in the Alps
(Lorenz et al., 2007). The highest model-based total deposition of N
(Fig. 4.8a) appears in central Europe and the UK with more than
10 kg N ha�1 a�1, and in the Benelux area with >20 kg N ha�1 a�1.
Scandinavia, southern Europe, and major parts of the Russian
Federation receive <10 kg N ha�1 a�1. Throughfall measurements
were not compared with the HTAP model estimates in scatterplots,
as was done for sulfur, because the loss of N in the canopy exchange
makes deposition estimates of N very uncertain.

Based on Fig. 4.8b, the relative contributions of wet and dry
nitrogen deposition vary across Europe. The HTAP model results
show that the percentage of dry deposition exceeds 50% in central,
western and southern Europe and is less than 50% in northern and
eastern Europe. The largest relative contribution of dry deposition
relative to total deposition (>60%) occurred in Spain and Portugal,
while the lowest occurred in Scandinavia (<40%). Based on
Fig. 4.8c, Nreduced appears to be relatively more important in large
parts of central and eastern Europe, while Noxidized is more impor-
tant in southern and northern Europe.

4.6.3.4. Temporal changes to N deposition. In Europe, nitrogen ox-
ides (NOxeN) are emitted mainly from stationary combustion
sources (power plants and industrial processes) and transportation
sources (road, off-road and ship traffic). NOxeN emissions
increased in the 1980s due to increased traffic and started to
decrease in the mid-1990s (Lövblad et al., 2004).

From 1990 to 2009, NOxeN emissions in Europe decreased by
31% (EMEP/CEIP, 2012; Tørseth et al., 2012), due mainly to the
conversion from coal and gas burning to nuclear power (Lövblad
et al., 2004). Economic recovery in eastern Europe resulted in
increased NOxeN emissions from road traffic in this area after 2000
(Vestreng et al., 2009). On the other hand, NOxeN emissions from
traffic in western European decreased, even though fuel con-
sumption increased. These reductions were due to the imple-
mentation of increasingly strict NOx emission control measures
commonly known as EURO-standards (Vestreng et al., 2009).

NOxeN emissions trends in Europe are reflected in ambient NOx

measurements. From 1990 to 2009, the average decrease of NO2

concentrations at long term measurement sites was 23% (Tørseth
et al., 2012). Over this same time period, Noxidized in precipitation
decreased by 25% (Tørseth et al., 2012). Interestingly, the concen-
trations of airborne Noxidized (nitric acid vapor þ particulate nitrate)
measured in the EMEP network decreased on average only 8% in the
same period (Tørseth et al., 2012). These differences in trends can
partly be explained by a shift in equilibrium towards more



R. Vet et al. / Atmospheric Environment 93 (2014) 3e10058
particulate ammonium nitrate relative to nitric acid caused by a
reduction in SO2 emissions (Fagerli and Aas, 2008; Monks et al.,
2009) and possibly more rapid oxidation of NOx (Monks et al.,
2009). Furthermore, the measurements of oxidized nitrogen in air
and precipitation were not made at the same sites so the differ-
ences in trends may also have been influenced by the different site
locations (Tørseth et al., 2012).

NH3eN emissions decreased by 29% in Europe from 1990 to
2009 (EMEP/CEIP, 2012; Tørseth et al., 2012), but there were large
regional differences. The largest reductions occurred in countries of
central and eastern Europe (Lövblad et al., 2004). A majority of
EMEP sites showed a decreasing trend in Nreduced concentrations in
both air and precipitation e on average 25%. The sum of gaseous
ammonia and particulate ammonium (NH3þNH4

þ) decreased
similarly with an average of 24% for the twenty year period from
1990 to 2009 (Tørseth et al., 2012).

The median observed reduction in N wet deposition between
2001e2002 and 2005e2007 at the 88 European sites was�2.7% for
N (Fig. 4.4). This was due mainly to reductions in Noxidized wet
deposition (i.e., median change ¼ �8.3%) rather than Nreduced wet
deposition (median change ¼ �1.1%) (Note that the median values
are not additive). The reduction of NOxeN emissions by EMEP
Parties was 5% over this same period but the ship emissions
increased by 16%, resulting in a small reduction (2%) in total NOxeN
emissions in Europe (EMEP/CEIP, 2012).

4.6.4. Africa
4.6.4.1. Precipitation- weighted mean concentrations and wet depo-
sition of N. The measurement-based 3-year mean annual
precipitation-weighted mean concentrations of N for 2000e2002
and 2005e2007 at African sites are shown in Fig. 4.2a,b. Given the
scarcity of data in Africa, a decision was made to discuss the multi-
year average precipitation-weighted mean concentrations
measured for the whole studied period at each of the sites: 2000e
2007 for west and central Africa, except for Djougou, Benin (2005e
2007) and Agoufou, Mali (2004e2006); and 1986e1999 for South
Africa, except for Skukuza (1999e2002) (see Fig. 3.19 for site
locations).

The average Noxidized precipitation-weighted mean concentra-
tions at the five west and central African sites over the respective
time periods ranged from 0.1 to 0.2 mg N L�1. A concentration
gradient was observed along a north-south transect from
0.2 mg N L�1 in the dry savanna to around 0.1 mg N L�1 in the wet
savanna and forests of west and central Africa. Sites in South Africa
had concentrations in the lower part of the range, i.e., 0.1 mg L�1 in
the rural dry savanna areas of Louis Trichardt and Skukuza and
0.4 mg N L�1 at the Amersfoort site in the vicinity of South Africa’s
coal-fired power plants.

Galy-Lacaux et al. (2001) demonstrated that heterogeneous
processes between nitric acid and mineral particles occur all over
the African continent and help explain the concentration of Noxidized
in precipitation. Nitric oxide (NO), in the non-burning season from
June to September, is themajor N compound released from savanna
soils (Serça et al., 1998; Otter et al., 2001). A large fraction of NO
produced is oxidized in the atmosphere through photochemical
reactions into HNO3 or organic nitrates. HNO3 is extremely soluble
in water and easily scavenged by clouds and hydrometeors. Het-
erogeneous processes decrease from the semi-arid regions to the
forested ecosystem. This is because dust particles present in the
semi-arid regions neutralize all of the HNO3. This gradient co-
incides with the observed gradient in Noxidized concentrations in
precipitation. At South African sites, Noxidized in precipitation is also
attributed to NO emissions from biomass burning (Mphepya et al.,
2004, 2006). The flux of emissions of biogenic NO from infertile
soils in the semiarid savanna of South Africa is equal to the amount
of NO generated by biomass burning, but slightly less than that
from industry (Otter and Scholes, 2005). This result is in agreement
with what was found in the Sahel, where biogenic soils emissions
perturbed by grazing activities are high (Serça et al., 1998). The
seasonal pattern of NO2 concentration clearly shows rain-induced
NO emissions from semi-arid savanna soils in the Sahelian region
centered on the Junemaxima (Adon et al., 2010). The highest values
of Noxidized in the rain of the anthropogenic dry savanna at the
Amersfoort site are undoubtedly related to the influence of the
Highveld industrial NOxeN emissions.

The Nreduced concentrations in precipitation in the forested, wet
savanna and semi-arid ecosystems of west and central Africa were
relatively high, ranging from 0.1 to 0.3 mg N L�1. As the land type
varies from dry savanna to wet savanna to forest, the concentra-
tions of Nreduced also changes. In the wet savanna of Lamto (Re-
public of Côte d’Ivoire), the 8-year annual average precipitation-
weighted mean concentration of Nreduced is around 0.3 mg N L�1

and comparable to concentrations in the dry savanna. The wet
savanna of Benin (Djougou) had a lower precipitation-weighted
annual mean concentration of 0.2 mg N L�1. In South Africa, the
Nreduced content of the dry savannas precipitation ranged from 0.1
to 0.2 mg N L�1 and the two rural dry savannas had roughly com-
parable concentrations around 0.15 mg N L�1. The chemical
composition of rain over the long term 1986e1999 period reported
by Mphepya et al. (2004) indicated that the Amersfoort site (dry
savanna near industrial sites) had higher concentrations of Nreduced
(0.3 mg N L�1), likely attributable to industrial emissions.

In Africa, the major emission sources of NH3eN include bacterial
decomposition of urea in animal excreta, emissions from natural or
fertilized soils (Schlesinger and Hartley, 1992), savanna fires, and
domestic fuel wood burning (Delmas et al., 1991; Brocard et al.,
1996). The highest concentrations of Nreduced compounds in pre-
cipitation measured in the semi-arid regions have been attributed
to strong sources of NH3eN from domestic and pastoral animals
during the wet season in west central Africa (Galy-Lacaux and
Modi, 1998; Galy-Lacaux et al., 2009; Adon et al., 2010; Delon
et al., 2010). In South Africa, in the arid savanna around the Skukuza
site, the large population of wild animals in Kruger National Park is
the main source of NH3eN (Mphepya et al., 2006). Also in South
Africa, Mphepya et al. (2004) related Nreduced concentrations to
agricultural activities and petrochemical plants on the Mpumpa-
langa Highveld, which have been found to emit NH3eN (Van der
Walt, 1998 as cited in Mphepya et al., 2004).

The multi-year average (2000e2007) precipitation-weighed
mean concentrations of N in west and central Africa ranged from
0.4 to 0.5 mg N L�1 in dry savannas to 0.2 mg N L�1 in forests, with
higher values in dry savannas in accordance with high NOxeN
biogenic soil emissions combinedwith high NH3eN emissions from
livestock. In wet savannas, concentrations ranged from 0.3 to
0.4 mg N L�1. In South Africa, annual precipitation weighed mean
concentrations of N ranged from 0.3 to 0.6 mg N L�1, with a
maximum measured value in the dry savanna of Amersfoort
influenced by the Highveld industrial emissions of gaseous
nitrogenous compounds.

The 3-year average annual wet deposition of N for 2000e2002
and 2005e2007 is presented in Fig. 4.3a,b. A comparison of three of
the sites in west Africa between the two 3-year averaging periods
shows an absolute increase inwet deposition of N of<1 kg ha�1 a�1

(Fig. 4.4b) corresponding to a percentage change of þ16 to þ38%
(note that the % increases are very high becausewet deposition is so
low). These wet deposition changes are at least consistent in sign
with the estimated continental emission change ofþ56% calculated
from the EDGAR emission inventory (European Commission, 2011)
based on NOxeN and NH3eN emission changes of þ65% and þ20%.
Given projected increases in N emissions and deposition in tropical



Table 4
Range of dry deposition velocities (cm s�1) for NO2, NH3 and HNO3 for each type of
ecosystem in west central Africa (WCA) and for South African sites.

Land type Dry deposition velocity (cm s�1)

NO2 NH3 HNO3

Dry savannas (WCA) 0.20e0.23 0.28e0.30 0.32e0.73
Wet savannas (WCA) 0.31e0.35 0.37e0.42 0.35e0.70
Forests (WCA) 0.47e0.53 0.39e0.79 1.54e1.78
South African sites 0.38e0.42 0.52e0.60 1.07e1.42
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and subtropical regions by Galloway et al. (2008) and Dentener
et al. (2006), as well as over forested areas from increasing fossil
fuel combustion by Lamarque et al. (2005), it is important to
quantify the processes that contribute to the changing levels of N
deposition. In addition to changes in NOxeN and NH3eN emissions,
the annual and seasonal rate and distribution of precipitation are
also important to understand changes in N deposition over Africa.
In dry areas, for example, N volatilization as NH3 and NO is strongly
dependent on soil moisture and consequently on the precipitation
regime (Delon et al., 2012, 2014; Galy-Lacaux et al., 2014). Dentener
et al. (2006) used the IDAF measurements to validate modeled
deposition estimates over the African continent and showed that
only 9.3% of the tropical forests have N deposition greater than
10 kg N ha�1 a�1, a critical load over which a negative effect on
sensitive vegetation types is expected (Phoenix et al., 2006;
Dentener et al., 2006). Little is known about critical loads in the
tropics, which may be less N limited than temperate forests and
show different responses to elevated N deposition (e.g., Bobbink
et al., 2010).

The multi-year average Noxidized wet deposition in west and
central Africa (2000e2007) and in South Africa (1986e1999)
ranged from 0.7 to 2.0 kg N ha�1 a�1. The lower deposition esti-
mates occurred in the rural dry savannas of west central Africa and
South Africa and the highest fluxes in the industrial dry savanna
area of South Africa (at the Amersfoort site). In the wet savanna and
forested areas, wet deposition was generally around
1.5 kg N ha�1 a�1. The multi-year average wet deposition of Nreduced

ranged from 0.5 to 3.8 kg N ha�1 a�1. Higher values of Nreduced
deposition were measured in west and central Africa with maxima
in the wet and dry savannas.

The multi-year average wet deposition of N ranged from 1.0 to
5.3 kg N ha�1 a�1. At the dry savanna sites, N wet deposition varied
from 1.7 (Agoufou, Mali) to 3.4 kg N ha�1 a�1, with the maximum
occurring in the dry savanna area of Mali. In the wet savannas and
forested areas, the wet deposition ranged from 3.6 to 5.3 kg N ha�1

yr�1. N wet deposition in west central Africa is dominated by N in
the form of NH4

þ, which represents around 63e70% of the N wet
deposition measurements at the paired IDAF stations (dry and wet
savannas). In South African dry savannas, N wet deposition varies
from 1.0 kg N ha�1 a�1 in Skukuza to 1.7 kg N ha�1 a�1 at Louis
Trichardt to a maximum of 4.4 kg N ha�1 a�1 in the industrialized
area of South Africa (at the Amersfoort site). As mentioned above,
the latter two dry savannas are impacted by industrial emissions
through air mass recirculation and we found an equal contribution
of Noxidized and Nreduced to the N wet deposition budget at these
sites. In the dry savannas of Skukuza, located in the wild Kruger
National Park, natural biogenic sources of Noxidized prevail and
contribute up to 62% of the N wet deposition. In west and central
Africa including dry ecosystems, in spite of very low industrial and
transportation emission sources, nitrogenous compounds in pre-
cipitation are in the same range as in the industrialized region of
South Africa, albeit at the lower end.

A more comprehensive depiction of N wet deposition across
Africa is found in the combined model-measurement maps of N in
Fig. 4.5c. This map shows the 2001 ensemble mean modeled wet
deposition pattern combined with the 2000e2002 mean annual
wet deposition observations in west central Africa and the 1996e
1999 observations in South Africa. The modeled wet deposition
ranges from lows of less than 0.5 kg N ha�1 a�1 in the Sahara to
highs of 4.0e5.0 kg N ha�1 a�1 in the wet savannas and forests.
Alternatively, precipitation-weighted mean concentrations show a
negative gradient of Noxidized from the dry savanna to the forest
(Fig. 4.5a). The gradient of wet deposition is opposite to the
precipitation-weighted mean concentrations because of the strong
rainfall gradient along the ecosystems transect with about 50e
70 cm in dry savannas,120 cm in thewet savanna and 150 cm in the
forested ecosystem of Cameroon.

The combinedmodel-measurement results for Nwet deposition
agree well with observations in the wet savannas and forests;
however, in the Sahelian region of Mali and in the dry savanna of
Skukuza in South Africa, the modeled mean is lower by a factor of
two. This result is also correlated to model predictions of
precipitation-weighted mean concentrations underestimated in
dry ecosystems of the northern hemisphere.
4.6.4.2. Dry deposition of N. Dry deposition estimates for the Afri-
can sites were obtained from the DEBITS program, which used the
inferential technique for calculating dry deposition velocities (see
Section 2) and measured concentrations of gaseous and particle
nitrogen species. Monthly-integrated concentrations of NO2, NH3,
and HNO3 were obtained through passive sampling (Adon et al.,
2010; Martins et al., 2007) and concentrations of water soluble p-
NH4

þ and p-NO3
� through filter-based sampling (Kleynhans et al.,

2008). Particulate-NH4
þ and p-NO3

�concentrations were measured
in Banizoumbou, Niger from 1996 to 2004, in Katibougou, Mali
from 1999 to 2003 and in Lamto, Republic of Côte d’Ivoire from
1998 to 2004. In South Africa, p-NH4

þ and p-NO3
� were measured

during intensive 15-day periods in the summer and winter of 2005
and 2006 (Kleynhans et al., 2008). To estimate dry deposition of
nitrogenous particles, two dry deposition velocities were used,
namely 0.1 and 0.2 cm s�1 according to Zhang et al. (2009). The
estimated dry deposition of p-NH4

þ and p-NO3
� are low and of the

same order of magnitude for all of the ecosystems. The estimated
mean annual deposition of p-NH4

þþp-NO3
� in the semi-arid and wet

savanna regions of west and central Africa is in the range of 0.1e
0.2 kg N ha�1 a�1. In South Africa, deposition of p-NH4

þþp-NO3
� is

estimated to be around 0.4e0.7 kg N ha�1 a�1 at Amersfoort and
0.2e0.4 kg N ha�1 a�1 at Louis Trichardt. The estimated dry depo-
sition of particle-N is smaller by an order of magnitude than thewet
deposition of N.

Gaseous N dry deposition was calculated as the sum of the dry
deposition estimates of NH3, HNO3 and NO2. The major uncertainty
in the estimation of dry deposition of trace gases is due to the
computation of the dry deposition velocities. Table 4 presents the
range of dry deposition velocities (Vd) for each type of ecosystem
calculated using themethod described in Section 2. A range is given
for the three sites in South Africa. The deposition velocities for dry
and wet savannas in western central Africa can also be found in
Delon et al. (2010). The total uncertainty for deposition is 70% for
NO2, 31% for NH3 and 38% for HNO3 (Delon et al., 2010).

NO2 dry deposition varies only slightly according to the type of
ecosystem, with fluxes ranging from 0.8 to 1.0 kg N ha�1 a�1 in the
dry savannas, from 0.5 to 0.7 kg N ha�1 a�1 in the wet savannas and
from 0.8 to 1.1 kg N ha�1 a�1 in the forested ecosystem. NH3 dry
deposition is higher and dominates the gaseous N dry deposition
budget. In the dry savannas, in spite of a lower dry deposition ve-
locity due to the low vegetative cover, NH3 dry deposition ranges
from 3.4 to 3.5 kg N ha�1 a�1. In thewet savannas and the forest, the
NH3 fluxes are around 3 and 6 kg N ha�1 a�1, respectively. Dry



Fig. 4.18. 2001 HTAP modeled dry deposition of Noxidized þ Nreduced with
measurement-based inferential estimates from 2000 to 2007 superimposed.

Fig. 4.19. 2001 HTAP modeled total deposition of N with measurement-based esti-
mates from 2000 to 2007 superimposed.

R. Vet et al. / Atmospheric Environment 93 (2014) 3e10060
deposition of HNO3 varies from 0.5 to 1.8 kg N ha�1 a�1 for all of the
ecosystems.

Combining dry deposition of N coming from the gaseous and the
particulate phase, the total dry N deposition for the period 2002e
2007 is estimated to be in the range of 4.2e5.3 kg N ha�1 a�1 in dry
savannas, 3.8e4.1 kg N ha�1 a�1 in wet savannas and 7e
8 kg N ha�1 a�1 in forested ecosystems. In South African dry sa-
vannas, dry N deposition varies from 2.4 at Louis Trichardt to
5.0 kg N ha�1 a�1 at Amersfoort. As continental context, results for
all the IDAF sites over various years are superimposed on the 2001
HTAP modeling results in Fig. 4.18. The combined model-
measurement results for dry deposition of N show an underesti-
mation of dry deposition over west and central Africa ecosystems,
from 25% in wet savannas and forest to 50% in dry savannas and
quite good agreement with dry N deposition measured in South
Africa. Dry deposition of N is predicted to vary from 0.6 to
1.0 kg N ha�1 a�1 in dry savannas and from 2.0 to 5.0 kg N ha�1 a�1

in wet savannas, forests and in South Africa. Model results
(Fig. 4.18) indicate that Noxidized is dominant compared to Nreduced
for the whole continent, given the importance of the distribution of
anthropogenic NOxeN emission sources (biomass burning and in-
dustries in South Africa). The model-based pattern of dry Nreduced
shows maximum fluxes around 1.0e2.0 kg N ha�1 a�1 with a lat-
itudinal distribution similar to Noxidized. This indicates that NH3eN
sources taken into account are alsomainly related to anthropogenic
emission sources (traffic, domestic, biomass, biofuel). We assume
that the difference between model results and measurements
representative of the African ecosystems relate to (1) the under-
estimation of NH3eN emissions from livestock (mainly for dry
savanna ecosystems) and from other agricultural activities and (2)
the underestimation of dry deposition rates over forested
ecosystems.

4.6.4.3. Total deposition of N. The measurement-based multi-year
total deposition of N is estimated at approximately 7e
8 kg N ha�1 a�1, 7e9 kg N ha�1 a�1 and 11 kg N ha�1 a�1, in the dry
savanna, humid savanna and forested areas, respectively. In com-
parison, the flux calculated for the Petit-Saut station in the
Amazonian forest is about 6 kg N ha�1 a�1 (C. Galy-Lacaux, personal
communication, March 14e20, 2010). At the South African sites,
total deposition of N at Amersfoort is estimated to be around
10 kg N ha�1 a�1. Louis Trichardt and Skukuza present lower values
between 4 and 6 kg N ha�1 a�1. These are in the same order of
magnitude as estimated for grasslands by Lowman and Scholes
(2002) at 13.1 kg N ha�1 a�1.

The foregoing measurement-based estimates of total deposition
of N, coupled with the 2001 HTAP ensemble-mean global modeling
results provide a tool for assessing the contribution of dry and wet
deposition to total deposition of N in Africa (Fig. 4.19). Globally,
model results underestimate total deposition of N in forested and
dry savanna ecosystems in west and central Africa. The
measurement-based estimates indicate the major importance of
dry deposition in west central Africa, especially for nitrogenous
gaseous compounds (Fig. 4.18). In the dry savanna, the fractional
contribution of dry to total deposition of N ranges between 60 and
70%. In thewet savannas and forested ecosystems, this contribution
is around 40e60% and 70%, respectively (Delon et al., 2012, 2014;
Galy-Lacaux et al., 2014). In South Africa, dry deposition at the in-
dustrial site of Amersfoort is roughly equivalent to wet deposition.
In the rural dry savannas of Louis Trichardt and Skukuza, dry and
wet N deposition represent 60% and 40% of the total, respectively.
This was also the case for the dry savanna inwest central Africa. The
dry N deposition values reported above are based only on gaseous
deposition estimates of NO2, NH3 and HNO3 and the wet deposition
values on precipitation measurements of Noxidized and Nreduced.
They do not include the contribution of organic nitrogen species
such as PAN and the deposition of nitrogen-containing particles
that could probably contribute significantly to the atmospheric
burden of N, resulting in a possible underestimation of the total
deposition of N.

mailto:Image of Fig. 4.18|tif
mailto:Image of Fig. 4.19|tif
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4.6.5. Asia
4.6.5.1. Precipitation-weighted mean concentrations and wet depo-
sition of N. Measured N precipitation-weighted mean concentra-
tions across Asia are shown in Fig. 4.2a, b for 2000e2002 and
2005e2007, respectively. The measurement data were provided by
EANET as well as networks in the Russian Federation and Taiwan
andWMOGAW sites and selected national sites in India. The 3-year
average measured concentrations in 2000e2002 and 2005e2007
ranged from lows of 0.10 mg N L�1 in Japan and the Maldives to
highs of 1.85 and 1.93 mg N L�1 in eastern China (EANET
Chongqing-Jinyunshan site) e a range of two orders of magnitude.
The highest concentrations of >1.0 mg N L�1 occurred at EANET
sites in eastern China (both periods), the Republic of Korea (both
periods) and Mongolia (first period). Many sites throughout East
Asia had concentrations in the 0.5e1.0 mg N L�1 range and many of
the small island sites had concentrations in the range of 0.1e
0.4 mg N L�1.

Measuredwet deposition values of N on a global scale are shown
in Fig. 4.5c for 2000e2002 (superimposed on the 2001 model
pattern) and in Fig. 4.3b for 2005e2007. In 2000e2002, three sites
in eastern China and one site in northeast India measured among
the highest N wet deposition on the globe with values of 17.4e
20.3 kg N ha�1 a�1 (the only higher measured valued being from
the Ispra site in Italy with a value of 24.55 kg N ha�1 a�1; this site
may be affected by agricultural and animal sources of NH3). In
2005e2007, measurements from two sites in China, one site in
Japan and one in India were the highest on the globe with values
ranging from 14.83 to 27.07 kg N ha�1 a�1 (againwith the exception
of the Ispra site in Italy with a value of 16.40 kg N ha�1 a�1). Lowest
wet deposition in 2000e2002 ranged from 1.21 to
1.64 kg N ha�1 a�1 in western China and the eastern Russian
Federation and, in 2005e2007, from 0.97 to 1.0 kg N ha�1 a�1 in the
eastern Russian Federation. The range of wet deposition from
lowest to highest was 1.21e20.25 kg N ha�1 a�1 in 2000e2002 and
0.97e27.07 kg N ha�1 a�1 in 2005e2007.

Insight into the spatial distribution of N precipitation-weighted
mean concentrations andwet deposition in Asia can be gained from
the combined model-measurement patterns of Fig. 4.5a and c,
respectively. As expected from the emissions patterns, highest
concentrations of 1.0e2.0 mg N L�1 were modeled in Pakistan,
northern India, eastern China and Korea and very low concentra-
tions of <0.2 mg N L�1 were predicted and measured in the
northern Russian Federation and western China. The correlation
coefficient between the HTAP ensemble-mean modeling results
and the measured concentrations is 0.743 (n ¼ 38) (see Fig. 4.5b).
The model results generally underpredict the measured concen-
trations, particularly in Mongolia, the Russian Federation and
Thailand.

The wet deposition pattern of N (Fig. 4.5c) shows high wet
deposition (10e30 kg N ha�1 a�1) in a large area of eastern China
and somewhat lower deposition (2.0e10.0 kg N ha�1 a�1) else-
where in the eastern domain. The modeled results appear to un-
derestimate the wet deposition levels slightly at sites in the Russian
Federation, Mongolia, Korea and Japan but, overall, the
measurement-model comparability is reasonable with r ¼ 0.703
(n ¼ 38). In India, higher Noxidized þ Nreduced wet deposition at sites
in the northeast part of the country and on the island location in the
Bay of Bengal are attributed to precipitation depths, which appear
to be higher than other parts of India.

The relative contribution of Nreduced to N wet deposition in Asia
is shown in Fig. 4.6a. Overall, the modeled and measured ratios do
not compare well with r ¼ �0.077 (n ¼ 38) due largely to model
underestimation in the northern Russian Federation and over-
estimation in India relative to measurements. Nonetheless, the
modeling results suggest that Nreduced is the major contributor to N
wet deposition (with ratios > 60%) in India and most of East Asia e

a fact consistent with the emission patterns of NOxeN and NH3eN
(Fig. 4.1a and b). Noxidized is modeled as the major contributor only
in the northern Russian Federation, parts of Kazakhstan, Uzbeki-
stan and Turkmenistan, western Mongolia and Japan. At two of the
four Indian locations, Nreduced deposition was considerably lower
than Noxidized deposition suggesting the dominance of anthropo-
genic NOxeN emissions over agricultural NH3eNemissions in those
areas.

Temporal changes to N wet deposition from 2000e2002 to
2005e2007 are shown in Fig. 4.4a, b. Although the measurement
data in Asia are sparse, the 27 sites showed a median increase of
13.6% between the two periods with roughly 70% of the sites
having higher wet deposition in the later period. This is consis-
tent with an overall 15% increase in the EDGARv4.2 emissions for
Asia between the two periods (European Commission, 2011).
Fig. 4.4a shows that most of the sites in Southeast Asia had
increasing (or roughly constant) wet deposition of N while most
sites in the Russian Federation had decreasing wet deposition.
This is also consistent with the EDGARv4.2 emission inventory
that shows a 25% increase in NOxeN þ NH3eN emissions in Asia-
without-Russian Federation but a 32% decrease in the Russian
Federation (note that country statistics in EDGARv4.2 may not
capture regional differences in growth). The lack of measurement
sites in eastern China makes it impossible to quantitatively assess
the impact on wet deposition of well-documented major in-
creases in NOxeN emissions in China between the two periods
(Gu et al., 2012).

4.6.5.2. Dry deposition of N. At the time of writing, the only long-
term measurement-based inferential estimates of N dry deposi-
tion in Asia were for Japan. These were based on published results
from measurements at 10 EANET sites from 2003 to 2008 (Endo
et al., 2011). Dry deposition was calculated as the product of
ambient air concentrations of HNO3, NH3, p-NO3

�, and p-NH4
þ

(measured biweekly by the filterpackmethod) times dry deposition
velocities for forest and grass surfaces inferentially estimated by
Matsuda (2008). Five-year mean dry deposition of N was in the
range of 1e7 kg N ha�1 a�1 with the highest concentrations at sites
near the Sea of Japan and western Japan (roughly equivalent to S
dry deposition). A review of HNO3, particle-NO3

� and particle-NH4
þ

dry deposition velocities published in Endo et al. (2011) indicated
that they had higher maximum values than the two North Amer-
ican networks (CASTNET and CAPMoN) described in Section 4.6.1.
Unlike North America, Africa and Australia, where data were
available for evaluation, data from this study were not available for
use in this assessment. Most other measurements of dry deposition
were made over short time periods at specific locations, e.g., Shen
et al. (2009) and Kim et al. (2010). These two publications show
different seasonal patterns of dry deposition depending on the N
species and document annual dry deposition of N of up to
55 kg N ha�1 a�1 in north China and 3.08 kg N ha�1 a�1 over the
Yellow Sea.

The lack of measurements makes it necessary to assess dry
deposition on the basis of the 2001 HTAP ensemble-mean
modeling results, which are shown in Fig. 4.7a for N. Fig. 4.7a
identifies two areas of maximum N dry deposition in Asia with
values ranging from 10 to 20 kg N ha�1 a�1. The first area is located
in northeast Pakistan, northeast India and Bangladesh and the
second in eastern China. Moderately high levels of dry deposition in
the 4e10 kg N ha�1 a�1 range are predicted in the rest of Pakistan,
India, and most of East Asia in general. Low levels of dry deposition
< 1 kg N ha�1 a�1 are predicted over most of western China,
Mongolia and the Russian Federation except in the southwest, and
very low values of <0.2 kg N ha�1 a�1 over the northern Russian
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Federation and the adjacent Arctic/north Pacific Oceans. The min-
imum andmaximumdry deposition values were 0.03 kg N ha�1 a�1

in the northeastern Russian Federation and 19.1 kg N ha�1 a�1 in
eastern China. Of note is the fact that high levels of dry deposition
are predicted in the coastal zones of the Indian and North Pacific
Oceans e indicating a major influence of transported emissions
from the continent and ocean-going ship emissions. In general, the
dry deposition pattern for Asia corresponds closely to the large
scale pattern of NOxeN þ NH3eN emissions (Fig. 4.1c) with al-
lowances for the transport and deposition of continental emissions
to the coastal ocean zones.

The relative contribution of Nreduced to N dry deposition is
shown in Fig. 4.7b. As expected from the NOxeN and NH3eN
emission patterns (Fig. 4.1a and b), Nreduced appears as the main
source of N dry deposition in and near the intensive agricultural
areas of Asia, especially in India and East Asia where the ratio of
Nreduced to N exceeds 60%. Noxidized is the major contributor in the
rest of Asia, particularly in the northern Russian Federation and
Japan where the ratio of Nreduced to N is less than 30%.

4.6.5.3. Total deposition of N. As with dry deposition, total depo-
sition can be assessed only from the 2001 HTAP ensemble-mean
modeling results. The total deposition pattern of N is shown in
Fig. 4.8a. Total deposition levels over Asia range from
<1 kg N ha�1 a�1 in the northern Russian Federation and the de-
serts of China and Mongolia, to 40 kg N ha�1 a�1 in the intensely
cultivated and populated areas of northern India and eastern China.
The latter areas, in fact, are predicted to receive the highest depo-
sition of nitrogen on the globe (see Fig. 4.8a). As with wet and dry
deposition, large sections of the Indian and Pacific Oceans near the
continental coastlines are shown to receive high deposition values
in the range of 10e20 kg N ha�1 a�1.

Fig. 4.8b and c provide further insight into total deposition in
Asia. Fig. 4.8b, which shows the % ratio of dry to total deposition of
N, indicates that dry deposition is more important than wet
deposition in the southwest portion of the domain, i.e., from Iran to
northern India and along the northern border of China. Elsewhere,
wet deposition is themajor contributor, particularly in the northern
Russian Federation and the Arctic Ocean where deposition levels
are very low. Fig. 4.8c, which shows the % ratio of Nreduced to N,
indicates that total deposition is strongly dominated by Nreduced in
the intensive agricultural areas of Pakistan, India and most of East
Asia including the eastern half of China (ratios > 60%). The rest of
Asia, in general, has roughly equal contributions of Noxidized and
Nreduced (ratios ¼ 50 � 10%) with Noxidized being the major
contributor (Nreduced < 40%) in parts of Iran, Turkmenistan, Uzbe-
kistan and Kazakhstan, the Republic of Korea, Japan and the Arctic
Ocean.

4.6.6. Oceania
Oceania is defined as Indonesia, Malaysia, Australia, Papua New

Guinea, New Zealand and the South Pacific region. The number of
sites in Oceania where precipitation has been collected is small,
and the areal coverage is sparse. The sites that met this assess-
ment’s screening criteria are located in Australia (Wagga Wagga
and Coffs Harbour) and in Southeast Asia (Bukit Kototabang in
Indonesia and Tanah Ratah and Danum Valley in Malaysia). Two
sites in Australia (Cape Grim and Burrup Peninsula) did not meet
our screening criteria principally because of short data records, but
are discussed below because of their importance for the charac-
terization of deposition in the area. Measurement data were pro-
vided by the Acid Deposition Monitoring Network in East Asia
(EANET) and the Bureau of Meteorology/Australian Common-
wealth Scientific and Industrial Research Organisation (CSIRO)
Marine and Atmospheric Research (BoM/CMAR). No data exist for
areas such as New Zealand, Papua New Guinea or the South Pacific
islands.

4.6.6.1. Precipitation-weighted mean concentrations and wet depo-
sition of N. The measured 3-year average (2000e2002)
precipitation-weighted mean concentrations of N at Coffs Harbour
and Wagga Wagga (Australia) were 0.26 and 0.32 mg N L�1,
respectively, and 0.11 mg N L�1 at both Bukit Kototabang
(Indonesia) and Tanah Rata (Malaysia) (Fig. 4.2a). The highest wet
deposition of N measured in Oceania was at Coffs Harbour
(3.73 kg N ha�1 a�1), followed by Tanah Rata (3.13 kg N ha�1 a�1),
Bukit Kototabang (1.99 kg N ha�1 a�1), and Wagga Wagga
(1.95 kg N ha�1 a�1) (Fig. 4.3a).

In 2005e2007, concentrations of N in precipitation were
0.21 mg N L�1 for Bukit Kototabang, 0.12 mg N L�1 for Tanah Rata,
and 0.04 mg N L�1for Danum Valley. Wet deposition of N was
highest in Bukit Kototabang (4.61 kg N ha�1 a�1) followed by Tanah
Rata (3.47 kg N ha�1 a�1) and DanumValley (1.09 kg N ha�1 a�1). No
data are available from regionally-representative sites in Australia
for 2005e2007.

Wet deposition measurements were made, however, at a site in
northwest Australia (Burrup Peninsula) for two 1-year periods
(September 2004 to August 2005 and September 2007 to August
2008). The 1-year precipitation-weightedmean concentrations and
wet deposition estimates of N at this site during each of those pe-
riods were 0.13 mg N L�1 and 0.17 mg N L�1 and 0.23 kg N ha�1 a�1

and 0.74 kg N ha�1 a�1, respectively. The difference in the deposi-
tion flux for the two annual periods was due largely to differences
in precipitation depth, i.e., 17.1 cm in the first period and 44.0 cm in
the second.

Although not included in our database because of the urban
nature of the site, N wet deposition of 21.09 kg N ha�1 a�1 was
measured at Serpong, Indonesia. It is mentioned here to show that
Nwet deposition in areas with large anthropogenic impacts is more
than an order of magnitude higher than in areas such as Tanah Rata
or Bukit Kototabang, which are largely free from anthropogenic
influences.

Measured and modeled N wet deposition (Fig. 4.5c) are gener-
ally in good agreement, with measured deposition at Tanah Rata
and Bukit Kototabang-closely matching with the model-predicted
range of 2e4 kg N ha�1 a�1. The modeled wet deposition is 1e
2 kg N ha�1 a�1 both for Wagga Wagga and Coffs Harbour. The flux
for Wagga Wagga is in this range and that at Coffs Harbour is only
slightly higher at 3.42 kg N ha�1 a�1. The model-predicted depo-
sition over the Burrup Peninsula is 0.2e0.3 kg N ha�1 a�1, close to
the measured value of 0.48 kg N ha�1 a�1 averaged over the two
annual periods. This comparison is compromised by the variation
in precipitation depth for the two years, although the average
precipitation depth was 30.6 cm which is close to 27.5 cm, the
average from 1972 to 2009.

The Noxidized, Nreduced and N measurements made at the Cape
Grim Baseline Air Pollution Station (not discussed above) are
particularly noteworthy because Cape Grim is a global baseline
station of the Global Atmosphere Watch Programme of the World
Meteorological Organization. By definition, the concentrations of N
in precipitation measured at this site represent the subset of
Southern Hemisphere “baseline” concentrations because theywere
collected only during so-called “baseline” precipitation events
when the precipitation was not influenced by local or regional
anthropogenic N emissions (or, to be specific, when the wind di-
rection was from the Southern Ocean). As mentioned in Section
3.6.6, precipitation events from other wind directions were not
sampled so it was not possible to estimate annual precipitation-
weighted mean concentration and wet deposition values for this
site.



Fig. 4.20. Concentrations of N in baseline rain at the Cape Grim Baseline Atmospheric
Pollution Station from 2000 to 2007, showing the median and mean (dotted line)
concentrations, the 25th and 75th percentiles and the 10th and 90th percentiles.
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Fig. 4.20 presents the annual median and mean (dotted line)
concentrations, the 25th and 75th percentiles and the 10th and 90th

percentiles of N in the baseline rain events from 2000 until 2007.
The lowest annual median concentration was recorded in 2005
when the median, maximum and minimum concentrations were
0.031, 0.362 and 0.004 mg N L�1, respectively, for 25 events. The
highest median was recorded in 2004 when for 26 events the
median, maximum and minimum concentrations were 0.119, 1.686
and 0.032 mg N L�1, respectively. Over the 8 years of sampling, the
total annual average precipitation depth at the Cape Grim station
was 63.4 cm while the total baseline depth averaged 12.2 cm or
19.6% of the total. The fraction of baseline depth to the total pre-
cipitation depth varied over the years from 13.0% to 31.7%. The
concentration of N in baseline precipitation is therefore represen-
tative only of precipitation falling on the southern Indian Ocean
west of Australia and not the total annual precipitation. The HTAP
modeling results in Fig. 4.5a show N concentrations in the range of
0.05e0.1 mg N L�1 for this marine environment, and this is in
accord with the observations that range from 0.03 to 0.12 mg N L�1

and average 0.11 mg N L�1. The observations of N concentrations at
the Cape Grim station are consistent with the model outputs for
areas in the Atlantic, Pacific and Arctic oceans.

The relative contribution of Nreduced to N wet deposition is
shown in Fig. 4.6a. The lowest ratios of Nreduced to N wet deposition
in the range of 30e40% occur in central Australia and some oceanic
areas. The highest ratios of 70e85% occur near Jakarta, New Zea-
land and an area of the Southern Ocean. Oceanic areas south of
Australia and large areas of Java, Sumatra and southern Kalimantan
have ratios in the range of 60e70%.

4.6.6.2. Dry deposition of N. Oceania is one of the four regions that
routinely estimated measurement-based N dry deposition using
the inferential technique (see Section 2). Estimates were made at
one site in Australia (Burrup Peninsula) for the periods 2004e2005
and 2007e2008, and at one site in Malaysia (Tanah Rata) for the
annual periods 2000 and 2001. The estimates at both sites were
based on monthly passive sampler measurements of gaseous NO2,
HNO3 and NH3 (Ferm, 1991; Ayers et al., 1998). The dry deposition
velocities applied at Burrup Peninsula and Tanah Rata were
0.0021 m sec�1, 0.0090 m sec�1� and 0.0095 m sec�1�, respec-
tively, for NO2, HNO3 and NH3. For NO2 and HNO3, the velocities
were taken from an inferential model (Manins, 1994) and were
used previously to estimate dry deposition in Indonesia (Gillett
et al., 2000); the dry deposition velocity for NH3 was taken from
Puxbaum and Gregori, (1998). The monthly calculated fluxes were
summed to give the estimated annual dry deposition. There are
large uncertainties inherent with passive sampling measurements
(10%) and deposition velocities (15% according to Puxbaum and
Gregori, 1998); nevertheless, the dry deposition of Noxidized (NO2,
HNO3) and Nreduced (NH3) presented here allows a comparison of
the N dry deposition with the N wet deposition. The overall un-
certainty of the dry deposition estimates is around 25% and the
estimates do not include the dry deposition estimates of p-NO3

�,
p-NH4

þ or organonitrates, which are very difficult to quantify. This is
mainly due to the uncertainty in the deposition velocities as a
function of particle size, the particle size distribution during the
measurement period and the chemical composition of the particle.

The average annual dry deposition values of Noxidized andNreduced
at the Burrup Peninsula for the 2004e2005 and 2007e2008 annual
periods was 0.55� 0.14 kg N ha�1 a�1 and 0.67� 0.17 kg N ha�1a�1,
respectively, giving a drydeposition ofNof 1.22�0.31 kgNha�1 a�1.
The estimated average annual dry deposition of Noxidized at Tanah
Rata for the period 2000 and 2001 was 1.15 � 0.28 kg N ha�1 a�1,
about double the flux measured at the Burrup Peninsula, while the
median annual deposition of Nreducedwas 12.81�3.20 kgNha�1 a�1

giving a dry deposition of N of 13.96� 3.48 kg N ha�1 a�1. This very
high dry deposition estimate of Nreduced is consistent with the high
wet deposition measured at that site and represents about 92% of
the N dry deposition. The reason for the high Nreduced wet and dry
deposition during 2000 and 2001 is likely the use of fertilizer in the
tea plantations and market gardens that abound in the area.

The 2001 HTAP ensemble-mean modeled pattern of dry depo-
sition of N over Oceania (Fig. 4.7a) provides detailed insight into the
spatial distribution of N dry deposition over the region. The model
results show that at Tanah Rata the dry deposition of N was in the
range of 2e3 kg N ha�1a�1 in 2001. The flux at Burrup Peninsula
0.4-1.0 kg N ha�1 a�1 during the 2004e2005 annual period. The
measurement-based inferential annual dry deposition estimates at
Tanah Rata during 2001 (17.01 kg N ha�1a�1) and at Burrup
Peninsula for the period 2004e2005 (0.81 kg N ha�1 a�1) were
considerably higher than the HTAP modeled estimates. It is not
clear how much of this difference is due to measurement versus
model uncertainty and how much is due to the different time pe-
riods in the case of the Burrup Peninsula.

Considering Oceania as a whole, the 2001 ensemble-mean dry
deposition pattern of N in Fig. 4.7a shows that the highest fluxes
correspond to the high population centers in Oceania. This is true
for southeastern Australia near Sydney and Melbourne, near
Christchurch and Wellington in New Zealand, and the large popu-
lation centers of Kuala Lumpur and Jakarta. In Australia, the dry
deposition of N will be influenced by biomass burning events in the
summer period, particularly in the north and down the southeast in
the 1e2 kg N ha�1 a�1 areas of the continent. The Noxidized flux is
due primarily to NOx emissions from motor vehicles, power gen-
eration from fossil fuels, industry and domestic heating. The
emission sources of Nreduced deposition are to the same as sources
of Nreduced with the additional source of fertilizer use.

Fig. 4.7b shows the relative contribution of Nreduced to N dry
deposition across Oceania. The highest ratios in the 85%e100%
range are found mainly in the southern Ocean and the south Island
of New Zealand. The former is mainly due to lower NOxeN emis-
sions relative to NH3eN emissions in the oceanic areas (as shown in
Fig. 4.1a,b) and the latter is mainly due to agricultural activities such
sheep farming in the area. The lowest ratio of Nreduced to N is in the
range of 15e20% and is found in the center of Australia where the
ground cover and precipitation depth are both low and agricultural

mailto:Image of Fig. 4.20|tif
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activities are nonexistent, resulting in low emissions of NH3eN
compared with other parts of the continent. The ratio increases
over southern and eastern Australia due to increased NH3eN
emissions from crops, pastures and from higher densities of natu-
rally occurring biomass. Generally the modeled ratios of Nreduced to
N are greater than 50% in areas of higher population centers such as
southeastern Australia, Java, Sumatra and peninsular Malaysia. The
annual average of the measured ratios of Nreduced to N at the Burrup
Peninsula and Tanah Rata are 54% and 92%, respectively. These
ratios are high at both sites compared with the ensemble-mean
modeled outputs of 40%e50% and 30%e40% at the Burrup Penin-
sula and Tanah Rata respectively, as shown in Fig. 4.7b.

4.6.6.3. Total deposition of N. Fig. 4.8a shows the 2001 ensemble-
mean modeled pattern of N total deposition. Measurement-based
estimates of total deposition of N are available only at the Burrup
Peninsula site for the two 1-year periods in 2004e05 and 2007e08,
and Tanah Rata for the two 1-year periods of 2000 and 2001. The
fluxes were 1.58 kg N ha�1 a�1 and 1.82 kg N ha�1 a�1, respectively,
at the Burrup Peninsula and 14.23 kg N ha�1 a�1 and
19.79 kg N ha�1 a�1, respectively, at Tanah Rata. The measured
values at the Burrup Peninsula compare reasonably to the model-
based range of 0.8e1.0 kg N ha�1 a�1, shown in Fig. 4.8a, albeit
for the different period of 2001. At Tanah Rata, total deposition of N
was higher than the model-based range of 4e10 kg N ha�1 a�1.
Note, however, that this pattern includes both gaseous and par-
ticulate dry depositionwhereas themeasurement-based inferential
estimates include only the gaseous species NO2, HNO3 and NH3.

The model-based pattern of deposition indicates that the
highest deposition occurs over areas of high population density
such as Java, Sumatra, Peninsula Malaysia and the southern area of
Kalimantan which have fluxes of 4e10 kg N ha�1 a�1. As expected,
the lowest fluxes are found over oceanic areas where there is little
anthropogenic influence and the flux varies from 0.2-
0.4 kg N ha�1 a�1. The fluxes over the oceanic areas increase to 0.4e
0.5 kg N ha�1 a�1 and then to 1e2 kg N ha�1 a�1 near continental
areas. The east coast of Australia has a flux of 2e4 kg N ha�1 a�1 as
have the more populated areas around Christchurch and
Wellington in New Zealand. Most of the remaining continental
areas in Oceania have fluxes of 1e2 kg N ha�1 a�1, as shown in the
ensemble-mean model predictions of Fig. 4.8a. The highest fluxes
of total deposition of N suggested by the HTAP model are 4e
10 kg N ha�1 a�1. These high fluxes appear over the continental
areas of Sumatra, Java, Malaysia and southern Kalimantan. This is
due to a combination of higher population densities with emissions
of 4e10 kg N ha�1 a�1 for NOxeN þ NH3eN (Fig. 4.1c), and higher
precipitation depths compared to the Australian continent.

Fig. 4.8b shows the 2001 modeled pattern of the % dry deposi-
tion to total deposition of N across Oceania. The pattern shows that
the highest ratios for this measure occur over the Australian
continent. They range from 70 to 85% along the west coast and 60e
70% in the west and southeast of the continent. Most of the rest of
the Australian continent has a ratio of 50e60%. The oceanic areas
close to continental shelves are 30e40% and reduce to 15e30% over
the open ocean. The ratio over most of the other continental areas
in Oceania is 30e40%, with some small areas of 40e50% over
Kalimantan. The lowest percentage of dry deposition is in the range
of 0e15%, and occurs in the northeast of Oceania around the Bis-
marck Sea, and southwest of Sumatra, in the Indian Ocean. The
Burrup Peninsula has measured ratios of 86% and 59% for the two
annual periods in 2004e05 and 2007e08. The mean of these is 72%
which is close to the HTAPmodeled ratio of 60e70% for this area. At
Tanah Rata the ratios of dry deposition to total deposition of N are
76% and 86% in 2000 and 2001, respectively. This is significantly
higher than the 30e40% suggested by the HTAP model results in
Fig. 4.8b. This is probably due to the high dry deposition of Noxidized
at this site compared to the ensemble mean suggested by the
model.

Fig. 4.8c shows the 2001 modeled pattern of the % ratio of total
deposition of Nreduced to total deposition of N across Oceania. The
pattern shows that the lowest ratio of 30e40% is found over the
center of Australia and the Indonesian provinces of West Papua and
NorthMaluku. This may be due to the low emissions of NH3eN over
central Australia and possibly due to high NO-N emissions from
lightening over the Indonesian provinces. The highest ratio of 85e
90% is found only in the east coast of the south island of New
Zealand, and may be due to intensive sheep farming on the Can-
terbury Plains. The oceanic areas have ratios of 50e60% near the
continental shelves and increase to 60e70% further south and then
to 70e85% over the Southern Ocean. In general the more populated
areas of Oceania have ratios of Nreduced to N in the range of 60e70%.

At the Burrup Peninsula the annual average ratio of Nreduced to N
in total deposition is 55%, which compares quite closely with the
modeled value of 40e50% presented in Fig. 4.8c. At Tanah Rata the
ratios for 2000 and 2001 are 81% and 85% respectively, and as
Fig. 4.8c shows, this is higher than the modeled value of 50e60%.
The higher ratio shown by the measurements compared to the
model is probably due to higher Nreduced dry deposition values at
this site.

4.7. Summary, gaps and uncertainties

Globally, the 3-yr average precipitation-weighted concentra-
tions of N within the 2000e2007 period are highest in eastern
China, western Russian Federation and northern Italy (Ispra) and
lowest in parts of the United States (includingHawaii) andMalaysia.
The highest levels of N deposition occurred in eastern North
America, southern Europe, northeast India, southeast Asia and
northern Oceania and the lowest levels in western North America,
northern Europe, and the Russian Federation. Not unexpectedly, the
broad features of the spatial patterns of global concentrations and
deposition bear a close resemblance to those of the global pattern of
NOxeN þ NH3eN emissions with high values occurring in high
emission areas and low values in low emission areas.

Large areas of the globe continue to have little or no measure-
ment coverage; thus, model estimates are needed to fill the spatial
gaps between sites. Globally, the measured and modeled
precipitation-weighted mean concentrations and wet deposition
compare reasonably well e with evidence of model under-
prediction of concentrations at sites in North America (Canada and
western U.S.), extreme southern and northern Europe, parts of East
Asia, central Africa, Brazil, and northern Oceania, and of wet
deposition in Europe and particularly Asia. Ensemble-mean model
estimates were used to determine the N budget over the continents
and oceans. Major changes in the anthropogenic emissions of NOxe

N and NH3eN occurred from 2000 to 2007 and have been docu-
mented in various parts of the world, including major NOxeN
emission reductions in Europe, eastern Canada, and the eastern
U.S., and major NOxeN and NH3eN emission increases in India,
China and Africa. Consistent with the aforementioned continental
changes in emissions, median wet deposition declined in North
America and Europe and increased in Asia and Africa.

In general, Noxidized accounts for greater than 50% of N wet
deposition in the far eastern and western regions of the U.S., the
northern Atlantic Ocean and the areas of very low precipitation
including the major deserts, Antarctica and the Arctic. In contrast,
Nreduced accounts for >50% in most of Europe and the intensive
agricultural areas of central North America, Mexico and large parts
of South America, India, and East Asia, as well as in the low depo-
sition areas of the southern Atlantic, southern Pacific and Southern
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Oceans. As was the case for S, routine measurement-based infer-
ential estimates of N dry deposition were only available in North
America, Africa, Australia and Japan. Similarly, measurement-based
estimates of N total deposition were limited to these four locations
plus Europe (via throughfall estimates). In spite of Europe’s long
history of routine ambient concentration measurements, inferen-
tial dry deposition estimates have yet to be made.

Based on the HTAP ensemble-model patterns, the highest ratio
of dry to total deposition is predicted in the driest areas of the
world including southwestern North America, southwestern South
America, and southwestern and northern Africa. Other regions of
the world receive roughly equal contributions of dry and wet
deposition. Projected increases of N emissions from agricultural
soils (e.g., from the increasing use of synthetic fertilizers), over
tropical forests (e.g., from biomass burning), and in rapidly devel-
oping locations around the globe emphasize the need for long-term
observations of wet and dry deposition to understand the future
impacts.

The lack of inferential measurement-based estimates of Noxidized
and Nreduced dry deposition is a major problem and routine mea-
surements of oxidized and reduced nitrogen species in air are
needed at regionally representative stations worldwide. Routine
measurements of NO2 and NH3 in air have been called for in acid
rain programs for decades and are still not in place. Filter-based
measurement methods used today suffer from volatilization and
absorption artifacts and more accurate measurements are needed.
Inferential dry deposition models, including bidirectional surface
exchange of NO2 and NH3, must be improved, evaluated and
applied routinely to the ambient air measurements to estimate the
dry deposition of these species.

5. Sea salt and base cations

This section addresses two specific qmestions:

� What do measurements and models tell us about the global
deposition of sea salt?

� What do measurements tell us about the deposition of the sum
of the following base cations: Naþ, Ca2þ, Mg2þ and Kþ?

The major sources of Naþ, Ca2þ, Mg2þ and Kþ in the atmosphere
are sea salt aerosols, aeolean dust, biomass burning, volcanic dust,
industrial emissions, and transportation-related particulate matter
(i.e., road and off-road dust and vehicle emissions). Both sea salt
and aeolean-derived dust exist as coarse and fine particles in the
atmosphere. Base cations in aerosols and hydrometeors are
important to gas-particle partitioning, heterogeneous chemistry
and radiative transfer in the atmosphere (Sofiev, 2011; Erickson
et al., 1999; Erickson and Duce, 1988).

Rodhe et al. (2002) present global-scale estimates of mineral
deposition based on the model-simulated deposition of soil-
derived calcium. They show that deposition is heaviest in and
downwind of arid regions, especially northern Africa and central
and south Asia. Calcium derived from industrial and agricultural
activities, as well as magnesium and potassium, were not included
in this simulation. An evaluation of modeled and measured base
cation deposition in Europe by Lee et al. (1999) confirms that soil-
derived calcium from arid regions is an important contributor to
base cation deposition, but also suggests that agricultural activities
are a major regional source of airborne calcium. Authors of both
studies point to large uncertainties in quantifying the sources and
deposition rates of base cations.

In North America, a number of publications present regional and
large-scale spatial and temporal patterns of base cations and sea
salt ions in the United States based on long-term observations
from national networks. Brahney et al. (2013) determined that Ca2þ

wet deposition increased significantly from 1994 to 2010 in three
areas of the western U.S. They attributed these increases to
increasing mineral aerosol emissions caused by increased aridity,
more frequent dust storms and increasing influences of human
activity upwind. Lehmann et al. (2005) concluded that from 1985 to
2002, earth crustal cation (sum of calcium, magnesium and po-
tassium) concentrations in precipitation increased significantly at
23% of the National Trends Network sites in the U.S. (virtually all in
interior southern and midwestern states), and decreased at 40%
(p � 0.10) of sites, with the largest decreases occurring in the
northeastern and northwestern states. Tessier et al. (2002) exam-
ined base cation changes in precipitation in the northeastern U.S.
over a 15-year period (1985e1999) during which there were sub-
stantial SO2 emission reductions. Focusing on base cation concen-
trations at 12 NTN sites sufficiently inland tominimize the potential
confounding effects of sea salt, they found significant decreases of
Mg2þ at all 12 sites, of Ca2þ at 11 of 12 sites and of Kþ at 6 of 12 sites.
In a similar study that compared Ca2þ þ Mg2þ concentrations in
1990e1994 with 1995e1998, Butler et al. (2001) found concen-
tration increases at most eastern U.S. sites. Each of these studies
examined somewhat different time periods and different sets of
sites.

The fact that the temporal changes conflict in space and time
across North America indicates the complexity of the sourceere-
ceptor relationships for base cations and the clear need for addi-
tional studies to focus on the sources and scavenging mechanisms
of base cations. These regional-scale studies were complemented
by local, site-specific, and/or shorter-term studies of mineral base
cations in precipitation (Aleksic et al., 2009; Grimshaw and Dolske,
2002; Kelly et al., 2002) in cloud-water (Hutchings et al., 2009;
Aleksic et al., 2009; Anderson et al., 1999), and in snow cores at
high elevation sites in the U.S. (Hidy, 2003; Clow et al., 2002; Turk
et al., 2001) and Canadian Rocky Mountains (Lafreniere and
Sinclair, 2011).

In South America, recent studies have been undertaken because
of concerns over the effects of population growth, urbanization,
increased fossil fuel consumption and industrialization, land/forest
clearing, and forestry and agricultural biomass burning. The pos-
sibility that lower air quality might result in increased acidic pre-
cipitation or other deleterious impacts led to numerous short-term,
exploratory studies, especially in Brazil (Lara et al., 2001; Pelicho
et al., 2006; De Mello and De Almeida, 2004; Migliavacca et al.,
2004; Germer et al., 2007; Schroth et al., 2001; Coelho et al.,
2011). Most investigators collected wet-only samples, either by
using automated collectors or by manually exposing funnel/bottle
collectors only during precipitation. Many of these studies identi-
fied soil dust, agriculture, and biomass burning as sources of min-
eral base cations in precipitation. Base cation measurements in
precipitation have also been published for other sites in South
America by Zunckel at al. (2003), Gonzalez and Aristizabel (2012),
Grigholm et al. (2009), Germer et al. (2007), Campos et al. (2007)
and Grigholm et al. (2009). Other studies addressed specific
point, area and urban sources on deposition chemistry but these
are not within the scope of this assessment.

In Europe, spatial and temporal analyses of base cations and sea
salt in precipitation and wet deposition are presented in a few
regional studies based on measurements and model estimates
(Lövblad et al., 2004; Van Loon et al., 2005; Hellsten et al., 2007;
Tsyro et al., 2011; Tørseth et al., 2012). In most areas of Europe,
the anthropogenic contribution of mineral base cations is small,
although it is relatively larger in northern Europe compared to the
more arid south (Tørseth et al., 2012). Saharan dust outbreak events
have a large impact on levels of base cation wet deposition (and
ambient particulate matter) in the south of Europe (Querol et al.,
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2009), and occasionally, when atmospheric transport conditions
are favorable, lead to observable episodes in Scandinavia (Stuut
et al., 2009). Base cations have decreased over the past 30 years
(Tørseth et al., 2012), with an average decreasing trend of calcium
in precipitation of 47% from 1980 to 2009 and 26% from 1990 to
2009 (Tørseth et al., 2012). In the early 1990s, the closing of many
lignite-fired power stations and iron and steel smelters as well the
implementation of effective abatement technologies for sulfur also
led to a reduction of base cation emissions (Lövblad et al., 2004;
Hellsten et al., 2007).

The level of deposition of sea salt ions in Europe is, to a large
extent, determined by the distance from the sea and the signifi-
cance of sea salt episodes. Highest deposition episodes are seen at
coastal sites in Norway, Island, Ireland, UK, France and Spain (Tsyro
et al., 2011). In addition to these regional studies, several country-
scale and short-term studies were carried out aimed at character-
izing the relative composition and sources of major ions, including
mineral and sea-salt, at a variety of locations throughout Europe,
for example: Belgium (Andreacute; et al., 2007), Romania
(Bytnerowicz et al., 2005), Spain (Avila and Rodà, 2002), France
(Deboudt et al., 2004), Italy (Aiuppa et al., 2003), Greece (Nastos
et al., 2007), Switzerland (Thöni et al., 2008), Serbia (Goloboèanin
et al., 2008), and Turkey (Tuncer et al., 2001; Topcu et al., 2002).

A recent regional scale assessment of precipitation composition
and deposition in East Asia (EANET, 2011) documented that Naþ

and Cl� concentrations are elevated at remote islands and coastal
sites. A regional modeling study on acidic deposition in East Asia
during the wintertime (Han et al., 2006) showed relatively high
wintertime concentrations of non-sea-salt Ca2þ in western and
northern China, as well as southern Mongolia. A number of local-
scale studies, most of which were short-term campaigns often
designed around precipitation events (e.g. monsoon), were con-
ducted throughout Asia at a variety of non-urban sites, for example:
India (Singh et al., 2006); China (Aas et al., 2007), Tibet (Li et al.,
2007); Japan (Seto and Hara, 2006; Rahman et al., 2006); Jordan
(Al-Momani, 2003; Al-Khashman, 2005a, 2005b, 2009), Israel
(Herut et al., 2000). A large majority of these studies found that
Ca2þ was the dominant ion in precipitation across Asia, along with
SO4

2�, as a result of the influence of crustal material. In India, con-
centrations of Ca2þ in precipitation were usually observed to be
highest at the start of the monsoon season, declining thereafter as
suspended dust washed out. At coastal sites throughout Asia, the
predominant ions were Ca2þ, Cl- and Naþ due to the influence of sea
salt.

In Africa, long-term studies of the chemical composition of
precipitation and wet deposition over the last decade are based on
precipitation event measurements at IDAF network sites (Yoboué
et al., 2005; Mphepya et al., 2004, 2006; Galy-Lacaux et al., 2009;
Sigha-Nkamkjou et al., 2003). According to these studies, Ca2þ is
the most important species among base cations in precipitation
over Africa, with the exception of Skukuza, South Africa where Cl�

and Naþ were higher than Ca2þ due to the influence of sea salt
(Mphepya et al., 2006). The concentration gradient for nssCa2þ

decreases from the dry savanna to wet savannas to equatorial for-
ests (Yoboué et al., 2005). Calcium in the west-central African
ecosystems of dry and wet savannas was significantly correlated
with total carbonates, Mg2þ and SO4

2� (Yoboué et al., 2005; Sigha-
Nkamkjou et al., 2003; Galy-Lacaux et al., 2009), confirming the
important influence of particles from the Sahara desert and semi-
arid regions on the chemical composition of African rainfall.

Published studies of sea salt and base cation composition of
precipitation in Oceania over the last decade are scarce and most
were short-term campaigns with variable objectives and results.
One of these, Carillo et al. (2002) measured total deposition of base
cations (Kþ, Mg2þ, and Ca2þ) for up to seven years in Hawaii and
found sea salt to be the main source of cations with biomass
burning and Asian dust also being significant in some years. Jickells
et al. (2005) determined that the supply of dust to the oceans is
very important in maintaining oceanic primary production and CO2
uptake but is sensitive to climate change. They also show that the
dust supply from the North African and Asian deserts directly af-
fects the tropical North Atlantic and temperate North Pacific, with
different effects. A composite of three published modeling studies
was used to generate a map of dust fluxes to the world’s oceans.
Their analysis points to possible impacts that could amplify or
diminish future global climate change, noting that current under-
standing contains considerable uncertainties and suggesting
several research priorities including the need to better understand
dust deposition processes.

5.1. Global deposition of sea salt

Salt water bodies are the dominant source of airborne sea salt
aerosols. Winds over thewater form breakingwaves which, in turn,
lead to the formation of bubbles. The bubbles, upon bursting, are
responsible for the injection of sea water droplets into the atmo-
spheric surface layer (Sofiev et al., 2011; Vignati et al., 2009;
O’Dowd and Leeuw, 2007; Fairall et al., 1983). Since oceans
constitute the world’s main salt water bodies, they are the domi-
nant source of sea salt particles.

As mentioned above, this section addresses the question: what
do measurements and models tell us about sea salt deposition?
Fig. 5.1a displays the 2001 HTAP ensemble-meanwet deposition of
sea salt based on the outputs of 8 models. In most areas of the
world, deposition over the oceans is more than an order of
magnitude higher than over the land surfaces. Heaviest wet
deposition (>100 kg ha�1 a�1) occurs in the northernmost and
southernmost open (and generally ice-free) oceans. Both the
number and size of sea salt particles emitted by breaking waves
increase with wind speed (Sofiev et al., 2011; Vignetti, 2010;
O’Dowd and Leeuw, 2007), and these areas are where high winds
generate large breaking waves that produce large mass concen-
trations of airborne sea salt particles. Models apply these re-
lationships in order to compute sea salt emission fluxes (e.g., Gong
et al., 1997; Gong et al., 2003, Sofiev et al., 2011), and in general, sea
salt deposition patterns closely parallel the emission patterns. As a
result, the pattern of wet deposition over the oceans generally
tracks mean windspeeds. Lowest deposition occurs in the vicinity
of the tropical doldrums, where winds are frequently calm or light,
and highest deposition accompanies the strongwinds overmid and
high-latitude oceans.

Superimposed on the modeled wet deposition pattern in
Fig. 5.1a are measurement-based estimates of sea salt wet deposi-
tion (3-year average) at sites located within 100 km of salt water
coastlines. These estimates were derived from measured values of
Naþ wet deposition using the WMO method (WMO/GAW, 2004)
developed originally by Keene et al. (1986). The conversion equa-
tion is as follows:

Sea Saltwd ¼ Naþwd=0:307 (5.1)

where “wd” represents wet deposition and Naþwd represents the 3-
year annual averagewet deposition of sea salt mass (in kg ha�1 a�1)
and 0.307 is the ratio of Naþ to total sea salt mass (Pilson, 1998). Cl�

was not included in Eq. (5.1) because Cl� is a non-conservative ion
in sea salt aerosols when acidified by S or N species (Keene et al.,
1986). The use of Naþ in Eq. (5.1) assumes that its origin is from
sea salt alone. There are, however, other sources of Naþ in precip-
itation including crustal dust, road salt, and terrestrial sources. The
potential for the non-sea-salt sources of Naþ grows with distance



Fig. 5.1. Sea salt (a) wet deposition derived from annual average 2000e2002 precipitation measurements of Naþ (see text) at coastal sites, superimposed on a map of 2001
ensemble-mean modeled wet deposition of sea salt, (b) modeled dry deposition and (c) modeled total deposition (kg ha�1 a�1).
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inland from the coast, so the measured estimates of sea salt wet
deposition in Fig. 5.1a are shown only for those sites located within
100 km of the coast or where researchers have independently
confirmed the presence of sea salt influences in precipitation
further afield (most notably west central Africa). At the 170 sites
plotted on Fig. 5.1a, more than 60 percent of the measurement-
based wet deposition values are higher than the model-generated
grid-square values, with the largest differences occurring at
coastline and island locations. This is undoubtedly due to mea-
surements being location-specific while grid-square values are
areal averages.

Fig. 5.1b presents a map of the ensemble-mean estimates of sea
salt dry deposition. Spatially, the distributions of dry and wet
deposition mimic each another, although virtually everywhere the
estimated dry deposition equals or exceeds wet deposition, even
over continental margins. As with wet deposition, dry deposition
decreases rapidly with distance from coastlines to the middle of
continents, where it is estimated at < 5 kg ha�1 a�1. The rate of
decrease depends on the size of the sea salt aerosols, the near-
coastal sea salt emission strength, the presence of topographic
features, mean wind velocities, and the strength and inland
penetration of coastal storms (Gong et al., 1997; Gong et al., 2002).
Sea salt aerosols have been observed and modeled in both the
supermicron and submicron size ranges (O’Dowd et al., 1997;
Vignati et al., 2010; Sofiev et al., 2011) and modeling suggests that
coastal surf-zones are important sources of sea salt aerosol emis-
sions in addition to open oceans (Im, 2013). Thus, the modeled dry
deposition of sea salt deep into the continents in Fig. 5.1b is
reasonable and consistent with others (Im, 2013; Sofiev et al.,
2011).

Fig. 5.1c shows the total deposition of sea salt from the sum of
the 2001 HTAP ensemble-mean wet plus dry deposition estimates.
Extremely high deposition, from 200 to 600 kg ha�1 a�1, occurs in a
band that encircles the earth in the southernmost open oceans. A
similar feature, but with slightly lower deposition from 100 to
400 kg ha�1 a�1, occurs in the oceans of the northern hemisphere.
Although most sea salt is deposited over its oceanic source, it is
deposition of sea salt to inland lakes and forests that is of ecological
significance. Total deposition of sea salt to continental areas of
10 kg ha�1 a�1 or more is modeled at distances of more than
500 km inland from the oceanic sources. This is most evident in
western Europe, where total deposition of sea salt of 20e
40 kg ha�1 a�1 occurs at 500 km from the Atlantic coast and in
southern Asia where monsoons transport and deposit sea salt
hundreds of kilometers onto the Indian subcontinent (Madhavan
et al., 2008). Continental saline water bodies such as Hudson Bay,
the Mediterranean Sea, and the Black and Caspian Seas show sea
salt total deposition footprints that extend inland from their
respective shorelines, similar to along oceanic coastlines. Fig. 5.1c is
particularly valuable for researchers interested in assessing the
impact of sea salt on oceanic and continental ecosystems, especially
those within 500 km of coastlines.

5.2. Base cations in atmospheric deposition

As mentioned earlier, precipitation chemistry measurements
typically include the most abundant alkali and alkaline earth
metals in precipitation: Ca2þ, Mg2þ, Naþ, and Kþ. All are in partic-
ulate form in the atmosphere and none have significant gaseous
precursors. Each is present in sea salt in relatively fixed proportions
and in crustal dust in highly variable proportions. Some are present
in plant matter, Kþ being the most abundant and chemically
available, and in other natural and anthropogenic sources. The
distribution of these particle sources of mineral base cations is
location-dependent and the concentrations are highly variable.
The objective of this section is to address a question related
specifically to ecosystem critical loads:What domeasurements and
models tell us about the deposition of the following sum of base
cations: Naþ þ Ca2þ þMg2þ þ Kþ? The focus is on the deposition of
the base cation sum because this is a variable in the equation for
calculating critical loads of forest and aquatic ecosystems (ICP,
2004; UNECE, 2004; Ouimet et al., 2006; Environment Canada,
2005; Whitfield et al., 2010). High deposition of these base cat-
ions into aquatic and terrestrial ecosystems increases the critical
load of the systems and low deposition decreases the critical load.
Base cation deposition reduces the effect of acidification by
increasing the base cation pool in soils and, when associated with
carbonates or oxides, by adding alkalinity to the soils (EMEP, 2004).
In this section, the global measurement data is coupled with the TF
HTAP model results to provide insight into base cation wet depo-
sition for consideration by the critical loads community. It is
important to point out that the base cation deposition term in the
calculation of critical loads is for total deposition, which we cannot
provide at this time. This is because total deposition requires two
types of measurements: wet deposition (which are currently
available) and dry deposition (which are currently not available).
The latter would require routine long-term measurements of size-
resolved, ion-specific, particle concentrations in air coupledwith an
inferential size-resolved dry deposition velocity model. Such
measurements and inferential models are not available regionally
or globally, so we are limited in this assessment to presenting only
wet deposition estimates of the base cation sum.

Fig. 5.2a and b show the 3-year-average wet deposition of the
base cation sum (in keq ha�1 a�1) for the 2000e2002 and 2005e
2007 periods, respectively. As in previous sections, several data
points slightly outside the 3-year periods (i.e., non-conforming-
period data) were included on the maps to improve the spatial
coverage. These points appear as triangles on the maps. The
screened-in wet deposition data set for the cation sum in Fig. 5.2a
consisted of 436 Satisfactory, 28 Conditional and 4 Non-
Conforming-Period data points and the data set in Fig. 5.2b con-
sisted of 469 Satisfactory, 11 Conditional and 0 Non-Conforming-
Period data points. Individual cation wet deposition maps appear
as Figs. S19eS22 in the Addendum.

Globally, wet deposition of the base cation sum ranged from
0.01 to 11.7 keq ha�1 a�1 in 2000e2002 (Fig. 5.2a) and 0.01 to 8.5 in
2005e2007 (Fig. 5.2b). Most of the high deposition sites (i.e.,
>1 keq ha�1 a�1) are located in coastal zones or islands e a
reflection of the importance of sea salt Naþ to the sum of the base
cations. The influence of land-based sources of base cations in-
creases with distance inland from the coast. This is largely due to
the influence of aeolian soil dust, road dust, biomass burning, etc.
since Naþ is not a major constituent of most soils (except in areas
covered by large salt flats such as in the western U.S.). Measure-
ment data are too sparse in and downwind of the major aeolian
dust sources of the world (e.g., the Sahara and Gobi Deserts) to
identify the soil-derived pattern of base cation wet deposition in
those areas. A major exception to this is wet deposition of 0.1e
0.3 keq ha�1 a�1 in the central U.S., which is related to the influence
of soil dust from agricultural sources.

Dry deposition estimates of base cations are not available and, at
the time of writing, neither the deposition monitoring community
nor the modeling community is able to provide quantitative large-
scale estimates of wet, dry and total deposition of base cations
needed by the critical loads community. This is an unsatisfactory
situation that needs resolution through a combinedmonitoring and
modeling effort. For monitoring, it requires an extensive network of
regionally-representative collocated measurements of base cations
in precipitation plus size-resolved, ion-specific, particle concen-
trations in air. The air concentrations would have to be usedwith an



Fig. 5.2. Three-year average wet deposition of the sum of base cations (keq ha�1 a�1) for (a) 2000e2002 and (b) 2005e2007.
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inferential dry deposition velocity model to calculate dry deposi-
tion fluxes. For modeling, this will require models for the individual
base cations from emission to deposition, followed by model
evaluation against measurement data. Both the monitoring and
modeling communities need a coordinated international effort to
accomplish this.

5.2.1. Summary, gaps and uncertainties
In summary, model- and measurement-based maps of sea salt

wet deposition are available, but only model-based estimates of
total deposition are available. Both the measurement and modeling
results show that sea salt is an important source of Naþ wet
deposition along ocean and inland sea coastlines, and the model
results suggest that sea salt can be transported and deposited
more than 500 km inland from coastlines. For base cations,
rmeasurement-based maps of the wet deposition of
Naþ þ Mg2þ þ Ca2þ þ Kþ are available to the critical loads com-
munity as partial estimates of the total deposition of the base cation
sum. Neither the existing monitoring programs nor the existing
models are capable of estimating wet and dry deposition of all four
of these base cations or their sum. Dry deposition data are lacking
worldwide and will require specialized measurements of size-
resolved and ion-specific particle concentrations in air. Coordi-
nated measurement and modeling efforts are needed worldwide to
fill the large global monitoring gap and to provide estimates of total
deposition. It remains for future assessments to address other
important topics related to the deposition of sea salt, base cations
and atmospheric dust, e.g., the influence of sea salt and soil dust on
precipitation acidity and the role of deposition on the biogeo-
chemical cycling of Aeolian dust.

6. Organic acids

Organic compounds play an important role in many atmo-
spheric chemical processes and have a significant influence on a
large number of biogeochemical processes. Global anthropogenic
emissions of non-methane volatile organic compounds to the at-
mosphere have been estimated at 110 to 150 Tg C a�1 (Muller, 1992;
Piccot et al., 1992) and the global biogenic emissions have been
estimated at 1100 Tg C a�1 (Guenther et al., 1995). These emissions
are of importance to the geochemical cycling of carbon (Guenther,
2002) and play an important role in the atmospheric chemical
processing of ozone (Williams et al., 1997) and hydroxyl radicals
(Lelieveld et al., 2008). In the oxidation processes of these
compounds, organic particulate matter is formed which, in turn,
affects the radiative and cloud nucleation properties of aerosols
(Goldstein et al., 2009; Pöschl et al., 2010).

Recent research suggests that a substantial fraction of total at-
mospheric organic compounds have not been, or have very rarely
been, directly measured (Goldstein and Galbally, 2007). Although
our knowledge of these compounds is limited, organic material
clearly influences the reactive chemistry of the atmosphere and the
formation, composition, and climate impact of aerosols. Current
global budget estimates of organic gases cannot account for the loss
of approximately half of the non-methane organic compounds in
the atmosphere (Goldstein and Galbally, 2007).

One of the first references to the contribution of organic acids to
the free acidity of precipitation was made by Galloway et al. (1982)
in a report on the composition of precipitation in remote areas of
the world. In their assessment, a calculated anion deficiency was
attributed to either an analytical error or an unmeasured anion,
such as an organic anion. Follow up studies (Keene et al., 1983;
Keene and Galloway, 1986; Likens et al., 1987) confirmed the
presence of weak organic anions in precipitation and Keene et al.
(1983) reported that formic acid (HCOOH) and acetic acid
(CH3COOH) were the dominant weak acids, contributing, on a
volume-weighted basis, 63% of the total acidity in 12 samples from
remote areas around the world. Other organic acids, most notably,
oxalic, lactic, succinic, malonic, pyruvic, propionic, butyric, valeric,
glycolic, maleic andmethanesulfonic acids have also been observed
in precipitation (Kawamura and Kaplan, 1983; Likens, 1983; Keene
et al., 1983; Toom-Sauntry and Barrie, 2002; Brooks Avery et al.,
2006), but, in general, at much lower concentrations than formic
and acetic acids.

The acidity contributed by organic acids in rainwater has been
estimated to be greater than or equal to the acidity due to mineral
acids in the tropical rain forests of Africa (Lacaux et al., 2003), about
50% of the free acidity at several remote locations in Australia
(Gillett et al., 1990), and up to 80e90% of the total acidity in the
Amazon forest of South America (Andreae et al., 1988). Although a
large number of mono- and dicarboxylic acids are found in rain
(Kawamura et al., 2001), formic and acetic acids were found to
comprise approximately 60% (from Table 1 in Kawamura et al.,
2001) of the total molar quantity of carboxylic acids in rainwater
in Los Angeles. These two carboxylic acids are the only two organic
acids reported in most deposition papers and are therefore the only
ones focused on in this report. As with other species in this
assessment, the data are mainly from regionally-representative
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(non-urban) sites measured in the time period from the late 1990s
to the late 2000s. Some exceptions have been made in light of the
scarcity of data.

Organic acids in precipitation are not routinely monitored on a
long term basis at regionally representative (background) sites
anywhere except in the IDAF project in Africa (IDAF is the IGAC
(International Global Atmospheric Chemistry) DEBITS Africa proj-
ect where DEBITS represents the IGAC Deposition of Bio-
geochemically Import Trace Species. Formate and acetate anions,
and, in some instances, propionate and oxalate anions, have been
measured on a routine basis in rainwater in this project since 1994.
Due to the fact that these compounds biodegrade rather rapidly at
room temperature in water, treatment of precipitation samples
with a biocide (e.g. thymol, mercury or chloroform) or freezing
during (or immediately after) collection is required at the site
(Ayers and Gillett, 1988; Lacaux et al., 1992). The concentrations
reported from the literature in this assessment have all been taken
from reports in which preservation techniques have been used to
avoid biodegradation. The typical analytical method used to
quantify these anions has been ion chromatography, which re-
quires the acids to be fully dissociated during the analytical process.
Dissociation is normally accomplished using a gradient mode of
different NaOH eluent solutions which means that the reported
concentrations represent total organic anions rather than the
dissociated fraction at a given pH. The buffering effect of organic
acids in rain samples from remote regions can be significant and
Keene and Galloway developed formulas by which it can be
calculated (Keene et al., 1983). To date, no international inter-
laboratory comparisons of precipitation samples have included
organic acid anions, e.g., the WMO/GAW/Science Activity Centre
laboratory intercomparison program (http://qasac-americas.org/
lis/all/44/rings). Thus, direct comparisons of literature values are
less standardized than other chemical species reported in this
assessment.

6.1. Sources of organic acids in the atmosphere

Organic acids are important constituents of the global tropo-
sphere and contribute w25% to the non-methane atmospheric
mixture (Khare et al., 1999). Many different sources of atmospheric
organic acids exist. Direct emissions of formic and acetic acids by
vegetation have been suggested by a number of investigations
(Talbot et al., 1990; Kesselmeier et al., 1991; Schäfer et al., 1992)
with direct emissions from trees being estimated to be responsible
for 15e30% of the atmospheric organic acid budget in Europe
(Kesselmeier et al., 1998). Formic and acetic acids are also formed
indirectly in the atmosphere via the oxidation of ethane and
propene by ozone (Calvert and Stockwell, 1983), and the oxidation
of isoprene produces formic and pyruvic acids (Andreae et al.,
1987.) Additionally, formic and acetic acids are formed in the re-
action of ozone with olefins like ethene, propene, and butene,
which are predominantly of anthropogenic origin (Calvert and
Stockwell, 1983; Atkinson et al., 1995). Carbon isotope analyses
also suggest that 80e100% of formic acid in the atmosphere
originates from biogenic VOCs emitted from terrestrial sources
(Glasius et al., 2000), with the balance emitted by biomass burning
(Talbot et al., 1988; Helas et al., 1992), dry soils (Sanhueza and
Andreae, 1991), oceans (Graedel and Weschler, 1981) and for-
micine ants (Johnson and Dawson, 1993). On the basis of the
vertical distribution of organic acids measured by using a mist
scrubber on an aircraft in experiments in tropical regions in Africa
(Helas et al., 1992), direct emission by vegetation was not
considered to be the dominant source of organic acids in the at-
mosphere. Biomass burning and photochemical oxidation of
biogenic precursors were concluded to be the major processes
contributing to the enhancement of organic acids observed in the
boundary layer. The organic acids profile also correlated with that
of ozone and CO, which suggests that their generation processes
are closely related.

Further indications of both primary and secondary sources of
organic acids in the atmosphere were obtained from stable carbon
isotope ratio (d13C) data collected in Zurich, Switzerland in Auguste
September 2002 and March 2003 (Fisseha et al., 2009). Anthro-
pogenic sources were indicated by high-resolution ice core mea-
surements from the French Alps that showed a strong increase in
formate and acetate concentrations from 1950 to 1980 (Legrand
et al., 2003). Legrand et al. (2003) calculated that 6% of formic
acid and 25% of the acetic acid in the European boundary layer was
of anthropogenic origin, mainly from direct vehicle emissions and
secondary production from aliphatic alkanes oxidized by ozone. In
light of the fact that the gas-phase oxidation of these acids is rather
slow, i.e., five to ten days in summer (Legrand et al., 2003), their
removal from the atmosphere is likely due largely to wet and dry
deposition (Paulot et al., 2011) although the irreversible uptake on
dust can also be an important regional removal mechanism
(Falkovich et al., 2004). Ayers et al. (2003) reported that formic and
acetic acids in precipitation can be lost as neutral molecules within
one or two days due to biological consumption. Unless rainwater
samples are preserved against bacterial loss they are not detected
by the usual protocols such as ion balance checks (Ayers et al.,
1998).

On a global scale, the photochemical oxidation of biogenic vol-
atile organic compounds, in particular isoprene, dominates the
bottom-up estimates of global sources of formic and acetic acids of
w1200 and w1400 Gmol C a�1 published by Paulot et al. (2011).
These authors propose that a long-lived secondary source of formic
and acetic acid, of the order of w2000 Gmol C a�1, has yet to be
identified. A strong correlation of aerosol organic content and for-
mic and acetic acids hints at a possible relationship between
aerosol aging and carboxylic acid production.

6.2. Measured global patterns of organic ion concentrations

The paucity of routine organic acid measurements in global
precipitation monitoring networks made it impossible to create
global and regional maps of deposition and precipitation concen-
trations for the two 3-year periods used for the major ions in earlier
sections of this assessment. Fig. 6.1 provides an alternative inte-
grated global view of organic acid concentrations in precipitation
by showing a synthesis of historically published information and
current (but limited) measurement data. The figure illustrates that
annual precipitation-weighted mean formate and acetate concen-
trations in precipitation fall between 0.5 and 17.6 meq L�1, which
suggests that the sources of formic and acetic acid in rain are
reasonably well distributed throughout the world. Although not
seen in the figure, it is important to note that seasonal variations at
sites are, in most cases, greater than between-site differences
(remote or urban) in different regions of the globe. Care was thus
taken to exclude measurements of short time durations in this
global overview to avoid potentially skewed results.

It follows from Fig. 6.1 that the reported concentrations are
strongly associated with land use and land cover type. Higher
concentrations are in general observed in forested tropical areas
near the equator with a gradual drop toward the poles. This global
map supports the current understanding discussed above that both
formic and acetic acid in the atmosphere originate primarily from
the photo oxidation of biogenic compounds (Paulot et al., 2011). The
available data, sampling periods and references for remote or rural
sites are listed in Table 5. The Table contains only concentrations
from data sets collected over one or more years (to avoid seasonal
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Fig. 6.1. Annual precipitation-weighted mean concentrations (meq L�1) of formate and acetate reported in non-urban precipitation (see Table 5 for representative time periods).
Global Land Cover Characterization data courtesy of the U.S. Geological Survey.
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fluctuations) and in which the use of suitable preservation tech-
niques was reported.

6.3. Regional aspects of organic acid concentrations in precipitation

Long term measurements of organic acids in precipitation exist
at only a few sites worldwide. Most of these sites are located in
Table 5
Summary of available precipitation-weighted mean annual concentrations of formic (F)
acetic acid (in kg C ha�1 a�1) at remote or rural sites. Blank spaces indicate no data or in

Country Site [HCOOH]
(meq L�1)

[CH3COOH]
(meq L�1)

Fo
de

Niger Banizoumbou 8.0 5.2 1
Mali Katibougou 10.8 5.5 2
Côte d'Ivoire Lamto 11.1 6.0 4
Cameroon Zoétélé 8.7 5.4 4
Congo Dimonika 6.6 3.0
South Africa Amersfoort 7.5 6.1 2
South Africa Loius Trichardt 12.9 8.2 3
South Africa Skukuza 3.5 4.1 1
Romania Cuza University of Iasi 4.1 11.9 2
Greece University of Patras 3.7 5.8
Spain Galicia 7.0 8.3
Spain Olaeta 6.1 4.2
U.S. Wilmington 9.9 7.3
U.S. (Alaska) Bethel 7.9 7.0
Brazil Sao Paulo 17.0 8.9
St. Georges Bermuda 2.2 1.3
U.S. Wisconsin 9.6 4.1
Chili Torres del Paine 5.1 1.0
Venezuela Calabozo 6.5 3.5
Australia Katherine 10.5 4.2
Australia Jabiru 6.3
Amsterdam Island France 3
Singapore Singapore 17.6 16.7 17
New Zealand Dunedin (South Island) 1.8 2.0
Thailand Patumthani 3.3 3.4 2
Thailand Khanchanaburi 0.2 0.7 0
Thailand Chiang Mai 5.1 4.9 3
Thailand Nakhon Ratchasima 3.8 2.5 2
Africa where measurements were initiated in the late 1980’s
(Lacaux et al., 1992) and have been continuously monitored since
2002 at nine IDAF sites representative of major African ecosystems,
i.e., in Niger, Mali, Republic of Côte d’Ivoire, Central African Re-
public, Cameroon, Congo and South Africa (3 sites). A tenth IDAF
site, located in South America, has been operated at Petit Saut in
French Guyana. Reports from these sites (Lacaux et al., 1992; Galy-
and acetic (A) acids in precipitation (in meq L�1) and wet deposition of formic plus
sufficient information to generate estimates.

rmate þ acetate wet
position (kg C ha�1 a�1)

Period Reference

.31 1994e2005 Galy-Lacaux et al., 2009.

.03 1997e2005 Galy-Lacaux et al., 2009

.92 1995e2002 Yoboué et al., 2005

.55 9/1996e4/2000 Sigha-Nkamdjou et al., 2003.
11/1986e9/1987 Lacaux et al., 1992

.53 1986e1999 Mphepya et al., 2004

.29 1986e1999 Mphepya et al., 2004

.52 1999e2002 Mphepya et al., 2006

.09 3/2003e12/2006 Arsene et al., 2007
3/2000e5/2001 Moschonas and Glavas, 2002
8/1996e8/1997 Pena et al., 2002
1989e1990 Durana et al., 1992
9/1996e5/1998 Brooks et al., 2006
7/1988e8/1988 Talbot et al., 1992
2/2000e10/2000 Fornaro and Gutz, 2003
1980e1984 Galloway et al., 1989
4/1982e6/1984 Chapman et al., 1986
1984e1991 Galloway et al., 1996.
1990e1993 Sanhueza et al., 1996
1980e1984 Likens et al., 1987
1983e1984 Gillett et al., 1990

.70 5/1980e1/1987 Moody et al., 1991

.38 8/1997e12/1997 Zhong et al., 2001
4/1999e3/2000 Kieber et al., 2002

.66 2006e2007 Nakayama, 2009

.44 2007 Nakayama, 2009

.62 2005e2006 Nakayama, 2009

.32 2006e2007 Nakayama, 2009
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Fig. 6.2. Long-term concentrations (meq L�1) of organic acids in precipitation at Lamto,
Republic of Côte d'Ivoire (data from the IDAF/DEBITS network. Galy-Lacaux, personal
communication, March 14e20, 2010).
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Lacaux and Modi, 1998; Galy-Lacaux et al., 2009; Sigha-Nkamdjou
et al., 2003; Mphepya et al., 2004, 2006; Yoboué et al., 2005) give
a range of concentrations of formate from 3.5 to 12.9 meq L�1 and
acetate from 3.1 to 8.2 meq L�1. The lowest concentrations were
observed in Kruger National Park in South Africa (Bushveld land
type) and at Banizoumbou in Niger (Sahelian savanna) during the
rainy season. The highest concentrations occurred at Louis Tri-
chardt in South Africa (tall grass savanna) and Lamto in the Re-
public of Côte d'Ivoire (wet savanna). In all cases the organic acids
were found tomake a substantial contribution to the overall acidity
of precipitation. At the sites in the Republic of Côte d’Ivoire, South
Africa (specifically Louis Trichardt) and Cameroon, formate con-
centrations were equivalent to or exceeded the concentrations of
sulfate and nitrate in precipitation. In most of the reported studies,
the average concentration of formate exceeded that of acetate by a
factor of up to about 1.5. A 13-year data set for the Lamto site in the
Republic of Côte d'Ivoire is unique and provides the best example of
large inter-annual variations in formate and acetate concentrations
linked to the amount of rainfall (i.e., more or less dilution) and
variations in biogenic emissions (Fig. 6.2). The data at Lamto also
Fig. 6.3. Monthly variations in the concentrations (meq L�1) of organic acids in precipitatio
from the IDAF/DEBITS network. Galy-Lacaux, personal communication, March 14e20, 2010
show strong intra-annual variations (Fig. 6.3) indicating the
importance of maintaining long term monitoring sites globally.
These observations are not unique to the Lamto site in the Republic
of Côte d'Ivoire as most sites that operated within the IDAF/DEBITS
network show seasonal and interannual variations.

Concentrations of organic anions in other parts of the world
have largely been determined during short term (campaign)
studies. The following discussion relies heavily on these short term
studies. In the early eighties, Keene et al. (1983) found the con-
centration of formate at Katherine, northern Australia (tropical
savanna with scattered small eucalyptus trees) to be 10.5 meq L�1,
and acetate 4.2 meq L�1 during the period 1980e1984 (volume-
weighted concentration of 12 samples). In New Zealand, near
Dunedin on the South Island, concentrations were found to be less
than 2 meq L�1 for both formate and acetate, with concentrations
from April 1999 to March 2002 being slightly higher in the winter
than the summer (Kieber et al., 2002). In South America, Fornaro
and Gutz (2003, 2006) reported formate concentrations of
17.0 meq L�1 in the Sao Paulo metropolitan area between February
(end of the rainy summer) and October (beginning of spring) 2000,
making a contribution to the overall acidity equivalent to that of
sulfate. Acetate was also significant at 8.9 meq L�1.

InAsia, reported concentrations have generally been lower, e.g., of
the order of 5e6 meq L�1 in north-central India at a regionally
representative sitewith onlygrass,wild herbs, andAcacia trees in the
vicinity (Singhet al., 2006); 6.1meqL�1 for formate and4.5meqL�1 for
acetate in Hong Kong at a residential site at the City University of
HongKong (Tanner and Law, 2003); and4.94 meq L�1 for formate and
5.89 meq L�1 for acetate in Singapore (Balasubramanian et al., 2001).
However, much higher values were observed in Singapore at a resi-
dential site at the National University of Singapore between August
and December 1997 (Zhong et al., 2001), with volume-weighted
means of 17.6 meq L�1 for formate and 16.7 meq L�1 for acetate.
During this study themeasurement areawas impacted by the plume
of large forest fires in Indonesia, and peak concentrations of
105.6 meq L�1 for formate and62.8 meq L�1 for acetatewere observed,
providing further evidence that biomass burning contributes to the
formation of formic and acetic acid in the atmosphere.

High concentrations of organic anions have also been reported
in the U.S., e.g., by Brooks Avery et al. (2001, 2006) for North
n and precipitation depth (Ht in mm) at the Lamto site, Republic of Côte d'Ivoire (data
).
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Carolina, where samples were stratified by morning and afternoon
and growing and non-growing seasons. The highest concentrations,
12 meq L�1 for formate and 9 meq L�1 for acetate, were found in
afternoon samples during the growing season. Collett et al. (2008)
found that 26% of the dissolved organic carbon content of fog water
in California was acetate, with formate representing another 7%. In
Virginia, U.S., Talbot et al. (1988) reported a strong seasonal signal
whereby formate and acetate concentrations in rain during the
growing seasonwere about 4 times higher than in the non-growing
season, with values of 6.81 and 5.09 meq L�1 for formate and ace-
tate, respectively, during the growing season and 1.57 and
2.05 meq L�1 during the non-growing season.

In Europe, in contrast to findings elsewhere, measured con-
centrations of acetate were higher than formate. For example, in
Romania, formate and acetate concentrations were 4.08 and
11.9 meq L�1, respectively (Arsene et al., 2007); in Greece, 3.77 and
4.81 meq L�1, respectively (Moschonas and Glavas, 2002); and, in
northwest Spain, 7.0 and 8.3 meq L�1, respectively (Pena et al.,
2002). The latter concentrations represent a volume-weighted
mean of 272 rainwater samples collected at nine monitoring sites
during a one year period (August 1996e1997).

Few studies have been carried out in the polar regions of the
world and the available data are from the 1980s and 1990s. In the
Canadian high Arctic (Alert, Northwest Territories), Toom-Sauntry
and Barrie (2002) measured median formate and acetate concen-
trations of 0.48 and 0.47 meq L�1 in 19 low-windspeed snowfall
events from September, 1993 to May, 1994. During this period, the
highest concentrations of formate and acetate were 2 meq L�1 and
1 meq L�1, respectively, occurring after polar sunrise (March toMay)
rather than in the dark of winter. On average, the organic acid an-
ions amounted to only 1.7% of the total anion equivalents in the 19
samples. Snowfall concentrations at Barrow, Alaska contrast the
results from a set of special study samples collected in the Central
Amazon Basin of Brazil where formate and acetate represented
roughly one half the anion equivalents. At Poker Flat, Alaska in the
sub-Arctic boreal forest, Keene and Galloway (1986) reported
summertime volume-weighted mean concentrations of about
4.3 meq L�1 for formate and 1.2 meq L�1 for acetate in rain samples
collected during the summer of 1982. At Bethel, Alaska on the sub-
Fig. 6.4. Global wet deposition of C from formic and acetic acids (kg C ha�1 a�1). G
Arctic tundra, Talbot et al. (1992) measured summertime (Julye
August, 1988) volume-weightedmean concentrations of 7.9 meq L�1

for formate and 7.0 meq L�1 for acetate in rainfall. The authors noted
the presence of very high concentrations of carboxylic acids in the
first few samples collected after an extended dry period followed
by low concentrations thereafter. Their estimated ratio of formate
to acetate on an equivalents basis from the individual samples was
1.91 - considerably less than the rainfall ratio of 3.31 observed at
Poker Flat in 1982 by Keene and Galloway (1986). No data were
found on organic acids in Antarctica.

The foregoing observations are consistent with the expectation
that the major emission sources of organic anions are biogenic,
with biomass burning a significant seasonal source in many envi-
ronments (Paulot et al., 2011).

6.4. Wet deposition of carbon from formate and acetate organic
acids

Literature estimates of wet deposition of C due to organic acids
are not available. To fill this void, wet deposition was estimated
from concentration and precipitation depth values published in the
literature. The wet deposition was calculated by multiplying the
sum of the measured annual average concentrations of acetic and
formic acids in g C L�1 (from Table 5) times the average annual
precipitation depth values (in cm) that were published with the
concentrations. The calculated wet deposition estimates are shown
in Table 5 and mapped globally in Fig. 6.4. Many of the published
concentrations were not accompanied by precipitation depths
which made it impossible to calculate wet deposition. These cases
appear as blanks in Table 5 and account for the low number of
deposition estimates in Fig. 6.4. To our knowledge, this is the first
time that wet deposition of C from organic acids has been esti-
mated globally.

It follows from the estimates reported in Fig. 6.4 that the annual
mean precipitation depth has a strong influence on total C from
acetate þ formate in wet deposition.

It must be emphasized that the wet deposition of formic plus
acetic acid does not represent total C in total atmospheric deposi-
tion (i.e., dry deposition and other carbonaceous compounds are
lobal Land Cover Characterization data courtesy of the U.S. Geological Survey.
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not accounted for) but it does give us for the first time an estimate
of dissolved C in rain water. These values can now be compared to
dissolved values of N, S and other species found in rainwater. At the
African DEBITS sites, carbon wet deposition from these two com-
pounds exceeds that of sulfur at most sites and is comparable to the
reported nitrogen wet deposition. It is expected that the relative
ratios of these compounds are important to the sustainability of
various ecosystems.
6.5. Summary, uncertainties and gaps

It is clear from the many reports cited in this review that organic
acids play an important role in controlling atmospheric acidity in
many regions of the world. The contribution of these acids is more
pronounced in remote areas but is a factor in all regions. The very
important role that carbon, andespecially thedepositionof dissolved
carbon-containing compounds, plays in ecosystems is well known
(Fillion et al., 1999) and it is therefore important to take note of the
wet deposition estimates reported for the first time in this review.

It is alsowell known that themonitoring of organic acids in rain is
complicated because they are extremely sensitive to biodegradation.
Special care must be taken in sampling and storage to avoid
biodegradation and to ensure reliable data. Apart from the IDAF sites,
several sites in the EANET network, and a few sites in Australia, no
routine long term measurements of organic acids in wet deposition
havebeen reported. Biogenic source strengths of bothprecursors and
the organic acids themselves seem to play a major role in the global
distribution of these acids in rainwater. In order to enhance our un-
derstanding of the impact of wet deposition as a global distributor of
nutrients, including carbon, wet deposition monitoring networks
must start including measurements of formic and acetic acids.

Finally, although it is clear from this assessment that anthro-
pogenic emissions of organic acids and/or their precursors are
increasing, biogenic sources and natural processes still dominate
the emissions. The study of the budget of these acids offers a
glimpse into the interaction of the biosphere and the atmosphere
(Paulot et al., 2011). It is also important to note that there are no dry
deposition estimates of acetic and formic acids so dry deposition
has not been discussed here.
7. Acidity and pH

The acidity of precipitation is determined by the relative
amounts of acids and bases in solution (Daum et al., 1984; Sequeira,
1982; Hobbs, 1995; Noguchi et al., 1995; Noguchi and Hara, 2004;
WMO/GAW, 2004; Wang et al., 2012). The dominant strong acids
affecting global precipitation are sulfuric, nitric and hydrochloric
and the dominant weak acids are the major organic acids formic,
acetic and, to a lesser degree, other carboxylic acids. Organic acids
play a significant role in precipitation acidity when strong acid
concentrations are low, but wet deposition of organic acids is
considered to be of minor importance to ecosystems because of
their consumption by microorganisms on the earth’s surface
(Rodhe et al., 2002). On a global scale, the only recent assessment of
precipitation pH and Hþ wet deposition was published by Rodhe
et al. (2002) who applied a chemical transport model to predict
the geographical distribution of pH and the wet deposition of Hþ

and bicarbonate. Rodhe et al. (2002) estimated that the lowest pH
values occurred in Europe, China and eastern North America
because of high concentrations of sulfuric acid. Their estimated pH
values showed fair agreement with observed pH values in most
parts of the world with the exception of western North America,
southwestern Europe, and northern China, where the model-
estimated pH values were lower than the observed values.
In North America, only a few studies since 2000 have reported
measurement-based pH trends at the regional or national scale.
Lynch et al. (2000) reported that the concentration of Hþ in pre-
cipitation at regionally-representative sites in the eastern U.S.
decreased due to SO2 emission reduction regulations (Phase I of
Title IV of the 1990 Clean Air Act), with maximum reductions of Hþ

and SO4
2� occurring in the same areas immediately downwind of

most of the major stationary sources targeted by the emission
regulations. Vet et al. (2005) mapped the spatial distribution of the
pH of precipitation in southeastern Canada and the eastern U.S.
Based on precipitation-weighted mean concentrations of Hþ over
the period 1996e2000, they reported a minimum 5-year average
pH of 4.4 near and downwind of the major SO2 and NOx emission
areas, and a maximum of 5.0e5.4 in the upwind direction north-
west of the major sources. No regionally-representative trends of
Hþ in precipitation have been reported in Mexico.

In Brazil, Pauliquevis et al. (2012) reported a volume-weighted
mean pH of 4.90 over a 3.5 year period at a remote site in central
Amazonia, with the most important contribution to acidity being
attributed toweak organic acids. Other short-term precipitation pH
studies in Brazil and other parts of South America focused on urban
or industrial areas and were not regionally-representative; thus,
they are not discussed here.

In Europe, Torseth et al. (2012) examined average spatial and
temporal trends in the precipitation composition of major ions at
EMEP sites. Results showed that the lowest pH in Europe occurs in
the eastern part, which has relatively high sulfate deposition and
low base cation deposition, and the highest is observed in Spain
and parts of Italy. They found that from 1980 until 2009, pH had
increased by 0.5e0.6 pH units and Hþ concentrations had declined
by 74%, attributable to larger declines in sulfate concentrations
relative to base cations. At the sub-regional scale, Ryaboshapko
et al. (2010) showed a spatial constancy in precipitation acidity at
EMEP stations in the northwestern European Russian Federation
over the period 2000 to 2007, with a difference of 0.3 units between
the maximum and minimum pH. They also demonstrated an in-
crease in pH over the last 25 years attributed to the implementation
of the LRTAP Convention, with maximum pH values changing from
around 5 to around 6. Several other published studies report pre-
cipitation pH at sites in individual European countries, but these are
either not regionally-representative or are short-term in nature.

The latest regional assessment of acidic deposition in East Asia
(EANET, 2011) reported annual rainwater pH values ranging from
4.18 to 6.94 over the period 2000e2009 at 42 EANET stations
(including both rural and urban sites as both are integrated into
the network). They also reported 5-yr averages (2005e2009)
ranging from 4.4 to 6.2, with pH < 5.0 at 62% of the sites. Average
rainwater pH values below 4.6 were recorded at specific urban
sites in Malaysia, China (Chongqing) and Indonesia, and at several
rural/remote sites in the Republic of Korea and Japan. In contrast,
average values higher than 6.0 were observed in China (Xi’an) and
Mongolia (Ulaanbaatar). These high values were attributed to the
increased contribution of alkaline species such as ammonia from
agriculture and calcium carbonate from soil dust, respectively.
Sulfuric acid contributed more to precipitation acidity than nitric
acid while other acids including hydrochloric and organic were
suggested to explain the observed wet deposition chemistry. The
highest annual wet hydrogen ion (Hþ) deposition was seen
exclusively in Petaling Jaya, Malaysia ranging from 1.73 kg ha�1 a�1

in 2001 to 1.34 kg ha�1 a�1 in 2009. The lowest annual wet Hþ

deposition (<7 � 10�4 kg ha�1 a�1) was observed in Mongolia
(Ulaanbaatar and Terelj), and China (Jiwozi and Weishuyuan).
Several other observational studies were carried out in Asia
(Kulshrestha et al., 2005; Chudaeva et al., 2008; Lu et al., 2010; Ge
et al., 2011; Yang et al., 2012) but were mainly focused on urban/
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suburban/industrial measurements and so are not described in
detail here.

In Africa, the recent literature on observed precipitation pH and
Hþ deposition is based on measurements at the IDAF sites repre-
senting different ecosystems. In the wet savanna, Yoboué et al.
(2005) reported a multi-year average pH of 5.16 with 40% of acid
neutralization explained by acid gas-alkaline soil particle interac-
tion and the remainder by inclusion of gaseous ammonia. The high
contribution of organic acids to total acidity of precipitation was
consistent with observations made at other wet savanna locations.
Average precipitation pH at remote sites in the South African dry
savanna ranged from 4.4 to 4.72 (different sites and measurement
periods) with an almost equal contribution of inorganic and organic
acidity (Mphepya et al., 2004, 2006). In the Nigerian dry savanna,
the reported median pH was 6.06 due to neutralization by mineral
dust, mainly carbonates, and/or dissolved gases such as NH3 (Galy-
Lacaux et al., 2009). In the case of a forest ecosystem site, pH was
seasonally variable (lower in the dry season) with an average value
of 4.92 and Hþ concentration of 12 meq L�1 (Sigha-Nkamdjou et al.,
2003). Wet deposited Hþ was only reported for sites in the wet
savanna and forest ecosystems and were 0.084 kg ha�1 a�1 (Yoboué
et al., 2005) and 0.243 kg ha�1 a�1 (Sigha-Nkamdjou et al., 2003),
respectively.

No long-term studies of precipitation pH and Hþ in Oceania
were found in the literature post-2000. The composition of baseline
precipitation has been measured at the Cape Grim Baseline Air
Pollution Station in Australia since 1993 and is available at http://
www.bom.gov.au/inside/cgbaps/, but has not been published in
the scientific literature.

A regional assessment of measured precipitation pH in the Eu-
ropean Arctic (AMAP, 2006) showed an upward trend in pH from
1990 to 2003 that did not appear to be coupled to sulfate or nitrate.
Hole et al. (2009) concluded that acidity is generally reduced at
many monitoring stations in the European Arctic while the pre-
cipitation amount was either increasing or stable. In the Canadian
Arctic, precipitation pH values as low as 4.4 were observed in low
windspeed snowfall at Alert from September to May, 1990e1994
(Toom-Sauntry and Barrie, 2002).

7.1. Global patterns of pH and Hþ wet deposition

Global maps of 3-year average precipitation pH and Hþ wet
deposition for 2000e2002 and 2005e2007 are shown in Fig. 7.1a,b
and 7.2a,b, respectively. Each 3-year mean pH value was calculated
as the negative logarithm of the average of the three annual
precipitation-weighted-mean Hþ concentrations (WMO/GAW,
2004). All calculations were based on laboratory-measured pH
values. The accepted pH and Hþ wet deposition data in Fig. 7.1a and
7.2a consisted of 437 Satisfactory, 30 Conditional and 4 Non-
Conforming-Period data points; the data in Fig. 7.1b and 7.2b con-
sisted of 470, 14 and 0 points, respectively.

The global patterns of pH and Hþ wet deposition generally
mimic the global emission patterns of SO2 and NOx (Fig. 3.1 and 4.1)
and S and Nwet deposition (Fig. 3.3a,b and 4.3a,b, respectively) due
to the strong influence of sulfuric and nitric acids on precipitation
acidity in most areas of the world. Areas of lowest pH and highest
acidity (pH¼ 4.1e5.2) occurred within and adjacent to the high SO2
and NOx emission areas of eastern North America, Europe, East Asia
and central Africa. Parts of northeast Canada and northern Scan-
dinavia associated with low SO2 and NOx emissions and low cation
wet deposition also have relatively acidic precipitation due to the
long range transport of S and N from the high emission areas to the
south. Areas with high pH values (in the range of 5.3e6.7) occur
where SO2 and NOx emissions are low and/or dust emissions are
high, including the northern Mediterranean, central Africa and
south Asia. Hþ wet deposition (Fig. 7.2a,b) are highest where both
Hþ concentrations and precipitation depths are high or moderately
high, most notably in eastern North America and areas of Europe
and East Asia.

7.2. Temporal changes to pH and Hþ wet deposition

As discussed in Sections 2 and 3, changes in SO2 and NOx

emissions from 2000e2002 to 2005e2007 resulted in measurable
changes in SO4

2� and NO3
� wet deposition in many regions of the

world (see Fig. 3.1 and 4.1). These changes, in turn, produced
changes in pH and Hþ wet deposition. Shown in Fig. 7.3a are the
between-period differences in pH and, in Fig. 7.3b, the % changes in
Hþwet deposition. Consistent with themajor reductions in SO2 and
NOx emissions in Europe and North America, 75% of the European
and 85% of the North American sites had higher pH levels in 2005e
2007 than in 2000e2002, with median (and 90th percentile) dif-
ferences of þ0.06 (and þ0.30) pH units in Europe and þ0.08 pH
units (and þ0.18) in North America, respectively. On both conti-
nents, the increases in pH were due predominantly to decreases in
SO4

2� and NO3
� wet deposition as opposed to increases in the

deposition of base cations. In Africa, all three monitoring sites had
higher pHs in 2005e2007, with a median increase of þ0.16 pH
units. These increases were due mainly to increases in the depo-
sition of base cations. In Asia, the between-period pH differences
were inconsistent across the continent, with approximately half the
sites having higher pHs and half having lower pHs (median¼�0.03
pH units). Most of the Asian sites with lower pHs in 2005e2007
were located along the Pacific rim where SO2 and NOx emissions
were highest. The decrease in pH at these sites was due mainly to
increases in SO4

2� and NO3
� wet deposition.

The changes in Hþ wet deposition from 2000e2002 to 2005e
2007 (Fig. 7.3c) were consistent with the changes in pH e with the
exception of eight sites in western North America, one site in Asia
and one site in Europe where they were instead consistent with
major changes in precipitation depth. The wet deposition changes
are plotted in Fig. 7.3c as the Median % Difference (M%D) ¼ 100
[(2005e2007) e (2000e2002)]/[(2000e2002)]. The results are
summarized as follows:

� Africa: M%D ¼ �24.7% with 100% of the sites having lower Hþ

deposition;
� Asia: M%D ¼ þ10.9% with 63% of the sites having higher Hþ

deposition;
� Europe: M%D ¼ �19.8% with 74% of the sites having lower Hþ

deposition; and
� North America: M%D ¼ �12.4% with 75% of the sites having
lower Hþ deposition.

Thus, Hþ wet deposition decreased at most monitoring sites in
North America, Europe and Africa, but increased at most sites in
Asia. On all continents, the changes in Hþ wet deposition were
related to changes in concentrations rather than changes in pre-
cipitation depth (Fig. 7.3c). Unfortunately, there were too few
monitoring stations in the areas of Asia that had experienced the
most rapid growth of SO2 and NOx emissions, especially China. This
points to the need for additional stations in those areas to thor-
oughly resolve the regional deposition pattern and its changes with
time.

7.3. Estimating global Hþ concentrations

The 2005e2007 measurement data collected for this assess-
ment provide a unique opportunity to assess the ability of a number
of ion charge balance equations to predict global concentrations of

http://www.bom.gov.au/inside/cgbaps/
http://www.bom.gov.au/inside/cgbaps/


Fig. 7.1. Three-year-average pH values for (a) 2000e2002 and (b) 2005e2007.
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Hþ in precipitation. This is analogous to the work of Rodhe et al.
(2002) who used a chemical transport model instead of measure-
ment data to estimate the global patterns of Hþ and bicarbonate in
precipitation. Here, we used the measured 3-year average anion
and cation concentrations in the data set to estimate Hþ concen-
trations which were, in turn, compared to the measured Hþ con-
centrations (hereafter referred to as Hþ

measured). Four charge
balance equations were assessed:

[Hþ]1 ¼ 2[SO4
2�] þ [NO3

�] (7.1)
[Hþ]2 ¼ 2[SO4
2�] þ [NO3

�] � [NH4
þ] (7.2)

[Hþ]3 ¼ 2[SO4
2�] þ [NO3

�] � [NH4
þ] � 2[Ca2þ] (7.3)

[Hþ]4 ¼ 2[SO4
2�] þ [NO3

�] þ [Cl�] � [NH4
þ] � 2[Ca2þ]

� 2[Mg2þ] � [Naþ] � [Kþ] þ 5.1/[Hþ] (for pH > 5.0) (7.4)

where square brackets denote ion concentrations in meq L�1, SO4
2�

represents nssSO4
2� þ ssSO4

2�, and the term 5.1/[Hþ] for pH > 5.0
represents the concentration of bicarbonate in equilibrium with
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Fig. 7.2. Three-year-average Hþ wet deposition (kg ha�1 a�1) for (a) 2000e2002 and (b) 2005e2007.
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atmospheric CO2 (WMO/GAW, 2004). The results of the four
equations are shown in scatterplots of estimated [Hþ]i versus
Hþ

measured in Fig. 7.4.
Equation 7.1, the simplest equation, assumes that all Hþ in

precipitation is from H2SO4 and HNO3 with no contribution from
neutral SO4

2� and NO3
� salts or from aqueous phase neutralization.

As such, [Hþ]1 is equivalent to the non-logarithmic form of pAi
published by EANET (2011). Fig. 7.4a shows that the [Hþ]1 values
from Eq. (7.1) overpredict and correlate poorly with (r ¼ 0.291) the
Hþ
measured values at almost all sites. At only a small number of sites

in Asia and North America do the [Hþ]1 values come close to the
Hþ

measured values.
Equation 7.2 includes an NH4

þ term to account for the presence
of neutral (NH4)2SO4 and NH4NO3 and absorbed NH3. The addition
of NH4

þ increases the correlation to r ¼ 0.431 and reduces the
overprediction of Hþ

measured at sites in Europe, Africa and North
America (Fig. 7.4b). However, as with [Hþ]1, the [Hþ]2 values are
biased high relative to the Hþ

measured values at almost all sites.
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Fig. 7.3. Between-period (a) pH changes (in pH units) and (b) % changes in Hþ wet deposition from 2000e2002 to 2005e2007 (%) and (c) box-and-whisker plots of the % changes in
Hþ wet deposition, concentrations and precipitation depths by continent (per Fig. 3.5).
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Fig. 7.4. Scatterplots of [Hþ]i versus Hþ
measured based on (a) Equation 7.1, (b) Equation 7.2, (c) Equation 7.3, and (d) Equation 7.4.
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Equation 7.3 includes a term for Ca2þ contributed by major
natural and anthropogenic sources including windblown soil,
agriculturally-derived soil, sea salt, fly ash and other industrial
emissions. Fig. 7.4c shows that the addition of Ca2þ markedly im-
proves the correlation to r ¼ 0.733 and improves the predictions of
Hþ

measured at almost all sites where Hþ
measured > 5 meq L�1, i.e., in

eastern North America, central Europe and Scandinavia. This sug-
gests that neutral Ca2þ salts such as CaSO4 and Ca(NO3)2 are
important constituents of precipitation in those areas. In regions
where Hþ

measured < 5 meq L�1, the negative values of [Hþ]3 are
assumed to represent unmeasured HCO3

� associated mainly with
soil-based CaCO3 and/or organic acids.

Equation 7.4 represents the full charge balance equation for all
anions and cations measured in the global data set. The values of
[Hþ]4 can be thought of in two ways:

� as representing the best possible predictions of Hþ in the hy-
pothetical case that all species in Equation (7.4) could be
modeled perfectly;

� as identifying the areas of the globe where one or more key
anions is not measured,

Regarding the latter, if one assumes that the last term in Equa-
tion (7.4) is a reasonable estimator of HCO3

� in equilibrium with
atmospheric CO2, then the negative values of [Hþ]4 in Fig. 7.4d
represent missing anions that should be measured and/or modeled
but are not (see discussion below).

Fig. 7.4d shows that the [Hþ]4 values have a lower correlation
coefficient (r ¼ 0.641) than the [Hþ]3 values and are systematically
lower than the Hþ

measured valuesewith the exception of a few high
Hþ concentration sites in eastern North America. As was the case
with Equation 7.3, Equation 7.4 produces a large number of nega-
tive values in Asia, southern Europe and Africa presumably due to
missing soil-derived HCO3

� and/or organic acids.
Fig. 7.5 illustrates the global predictability of [Hþ]4 by plotting

the measured-modeled differences ([Hþ]4 e Hþ
measured) on a
global map. The figure shows that Equation 7.4 predicts
Hþ

measured to within �5 meq L�1 in eastern North America,
western North America and parts of northern Europe but is sys-
tematically biased low (from �5 to �20 meq L�1) in west-central
North America, east-central North America, central Europe,
northern Europe, and parts of East Asia, and extremely low (from
�20 to �300 meq L�1) in central North America, southern Europe
along the Mediterranean, the Russian Federation, central Africa
and parts of Southeast Asia. This suggests that HCO3

� and organic
acids (especially in the tropics) should be measured on a routine
basis in those regions, particularly where Hþ

measured < 5 meq L�1.
Unfortunately, only the IDAF sites in Africa make these mea-
surements routinely. Rodhe et al. (2002), who estimated the
global distribution of Hþ concentrations based on a modified
version of Eq. 7.3 that used modeled non-sea-salt SO4

2� and
modeled windblown soil-derived Ca2þ, also found poor model-
measurement comparability in those regions. Based on Fig. 7.5,
it is likely that the modeled Hþ concentrations of Rodhe et al.
(2002) were poor in those regions for the same reasons that
our measurement results were poor, namely, the omission of soil-
derived HCO3

� and/or organic acids.
The key messages from Fig. 7.4 and 7.5 are as follows:

� Equation 7.3 is a very good model for estimating Hþ concen-
trations everywhere in the world where Hþ >5 meq L�1. Equa-
tion 7.4 is not quite as good.

� In areas where Hþ<5 meq L�1, Equations 7.3 and 7.4 are not good
at estimating Hþ. In fact, nomatter howwell one canmeasure or
model the chemical constituents in Equations 7.3 and 7.4, if one
does not measure or model weak acids and bases in areas where
Hþ <5 meq L�1, then the results shown in Fig. 7.4c and d are the
best that one can achieve.

Thus, monitoring networks around theworld arewell advised to
measure weak acids and bases including carbonates, organics,
phosphates and iron in areas where Hþ

measured < 5 meq L�1.
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Fig. 7.5. Global pattern of [Hþ]4 � Hþ
measured for 2005e2007.
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8. Phosphorus

Phosphorus (P) is an essential nutrient for terrestrial and aquatic
life and its supply can promote or constrain biotic growth and
production in soils, lakes and streams and in the ocean. Of partic-
ular interest is the role of phosphorus in the production of marine
microorganisms due to their capacity for rapid growth and poten-
tial for affecting the concentration of atmospheric carbon dioxide
(Arrigo, 2005). The links between phosphorus availability and the
carbon dioxide cycle and its relationship with global climate
change have renewed scientific interest in studying the biogeo-
chemical cycling of phosphorus.

Unlike oxidized and reduced forms of nitrogen, which form
stable gaseous compounds in the atmosphere, phosphorus has not
been considered to be present in any stable gaseous elemental or
molecular form in the atmosphere. However, phosphine (PH3), a
gas formed biogenically in decaying organic matter (Roels and
Verstraete, 2001), has been reported recently at ng m�3 concen-
trations in marine and terrestrial atmospheres (Zhu et al., 2007;
Han et al., 2011). It is unclear to what extent PH3 might
contribute to the overall atmospheric cycle of phosphorus and we
do not consider it further in this section. In addition, volcanic
emissions may contain volatilized inorganic phosphorus com-
pounds, but these compounds condense rapidly onto particles
under ambient atmospheric conditions (Mambo et al., 19991). Thus,
in this section the emissions, transport, and deposition of atmo-
spheric phosphorus is limited to aerosols.

Recently, Mahowald et al. (2008) conducted a comprehensive
assessment of the global atmospheric cycling of phosphorus. Since
phosphorus is not among the constituents routinely reported by
aerosol monitoring programs, measurements are not widespread
nor generally of long duration. Drawing on observations from the
limited land-based measurements and oceanic cruises, they pro-
duced a map showing the global distribution of airborne phos-
phorus concentrations. Complementing these observations was a
map produced from a chemical transport and deposition model
that simulated the global phosphorus distribution in the year 2000.
As input for this model, atmospheric phosphorus emissions were
derived from ancillary models and from estimates of phosphorus
from surficial dust, combustion, sea salt, volcanoes, and primary
biogenic sources. Very little data are available on how phosphorus
varies with aerosol size, adding to the uncertainty of the estimated
deposition.

In this chapter, we draw extensively on the work of Mahowald
et al. (2008) and include, where possible, data reported since that
work. Because of the relatively small amount of observational data
on atmospheric phosphorus and uncertainties in atmospheric
phosphorus sources and deposition rates, our understanding of
phosphorus deposition is poorer than for many of the other sub-
stances (N, S) addressed in this assessment. For this reason and
unlike other chapters, we also present airborne concentrations in
order to improve our understanding of the distribution of atmo-
spheric phosphorus.

8.1. Global/regional perspective on sources of phosphorus

Mahowald et al. (2008) offer estimates of phosphorus emis-
sions based on their global atmospheric phosphorus assessment.
By far the largest source of total atmospheric phosphorus is min-
eral dust resulting from thewind erosion of soils. They suggest that
this source accounts for 82% of the total global aerosol phosphorus.
Numerous factors affect the rate of wind-driven soil erosion and
the fraction of phosphorus in soils, so the importance of atmo-
spheric phosphorus frommineral dust varies widely by region. The
desert regions of northern Africa, the Middle East and central Asia
are vast sources of mineral dust and atmospheric phosphorus.
Ridame and Guieu (2002) studied the phosphorus content of
Saharan dust to evaluate its importance in affecting the nutrient
cycle of thewesternMediterranean Sea. They found that water will
dissolve up to 21% of the phosphorus in Saharan dust. Globally,
windborne soils are a dominant source of atmospheric
phosphorus.

Spores, pollen, and other small bits of plant matter constitute
primary biogenic sources of atmospheric phosphorus. Doskey and
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Ugoagwu (1989) investigated the macronutrient content of pollen
in a temperate pine forest and reported that 60% of the total
phosphorus in pine pollen was soluble reactive phosphorus (i.e.,
orthophosphate). Pollen and other biogenic sources can dominate
atmospheric phosphorus in and near forests or other densely
vegetated areas, though with a deposition velocity between 1.3
and 30 cm s�1 the importance of biogenic aerosols can be char-
acterized as local and regional but not global in extent (Doskey and
Ugoagwu, 1989). As a global average, Mahowald et al. (2008) es-
timate that 12% of atmospheric phosphorus is from primary
biogenic sources.

Another important local and regional source of atmospheric
phosphorus results from combustion, whether from fossil fuels
combusted in utility and industrial boilers, incinerators, or biomass
burning. Phosphorus occurs naturally in living and fossil matter and
is emitted in fine and coarse particles during combustion of these
materials. As a global average, estimates are that these sources
generate 5% of the atmospheric phosphorus (Mahowald et al.,
2008). On average, sea salt and volcanic aerosols account for
approximately 1% of atmospheric P, and can be important in areas
distant from other sources.

Orthophosphate (PO4
3�) is readily soluble and available as a

nutrient and can play an important role in affecting phytoplankton
growth, especially in phosphorus-limited marine environments
(Okin et al., 2011). Mineral dust is the dominant global source of
PO4

3�, though the PO4
3� fraction of combustion-generated phos-

phorus is higher than in mineral dust (Mahowald et al., 2008). The
fraction of total phosphorus that is soluble PO4

3� varies widely. In
common with other aspects of the atmospheric phosphorus cycle,
the factors that control phosphorus solubility in mineral dust,
Fig. 8.1. Simulated global maps of aerosol soluble phosphorus (as P in PO4
3-) as (a) concent

deposition. Reproduced with permission from Mahowald et al. (2008) Global Biogeochemica
Union.
biogenic particles and combustion aerosols are not well understood
at present.

8.2. Simulated global patterns of phosphorus concentrations and
deposition

As stated above, Mahowald et al. (2008) made the first attempt
to model the global atmospheric cycle of P. They simulated the
atmospheric transport of phosphorus associated with mineral dust,
combustion products, primary biogenic particles, marine (sea salt)
aerosols and volcanic emissions. Using the best available estimates
of the soluble fraction of phosphorus in these materials they also
simulated the atmospheric cycle of soluble phosphate. Their
simulated global maps of aerosol total phosphorus and phosphate
concentrations and deposition are shown in Fig. 8.1. The total
phosphorus concentration and deposition maps show distributions
consistent with mineral dust as the dominant source of atmo-
spheric P. Dust was also an important source of phosphate, but
other sources contributed greater proportions due to their higher
soluble phosphorus fractions. Mahowald et al. (2008) assumed
fractional phosphorus solubilities of 10% for dust, 100% for volcanic
material and 50% for all other sources, but noted that these esti-
mates were rather uncertain.

Mahowald et al. (2008) estimated atmospheric total phosphorus
deposition to the globe to be 558 Gg yr�1, with w17% of this being
soluble phosphate. Overall they estimated that w5% of total
phosphorus and w14% of soluble phosphorus was from anthro-
pogenic sources. Two subsequent modeling studies, both of which
were based on the Mahowald et al. (2008) study, estimated total
phosphorus deposition to the Earth to be 540 Gg yr�1
rations and (b) deposition and aerosol total phosphorus as (c) concentrations and (d)
l Cycles, 22, GB4026, doi:1029/2008GB003240, 2008, copyright American Geophysical
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(Krishnamurthy et al., 2010) and total phosphorus deposition to the
global ocean to be 320 Gg yr�1 (Okin et al., 2011).

8.3. Measured global patterns of the wet deposition of phosphorus

Precipitation scavenges phosphorus-containing aerosols in and
below clouds. Aerosols contain inorganic and organic phosphorus
compounds of varying solubility and stability. When precipitation
is collected following wet-only deposition measurement protocols,
the sample is exposed during precipitation and contains dissolved,
partially dissolved, and insoluble particles, some of which contain
phosphorus. When precipitation is collected following bulk depo-
sition measurement protocols, the sample contains particles
deposited in the sampler during precipitation as well as during dry
weather. Unlike gaseous pollutants such as ammonia or sulfur di-
oxide, which during dry weather are virtually excluded by funnel-
and-bottle bulk samplers (Vet, 1991), particles are not excluded by
bulk samplers of any design during dry weather. Further, the frac-
tion of dry-deposited phosphorus captured by bulk samplers is not
well-defined. Particle size and density affects dry deposition ve-
locities (Wesley and Hicks, 2000; Mahowald et al., 2008), so wind
speed and turbulence affect the capture efficiency of particles on
the receptor surfaces of bulk deposition collectors. Ibrahim et al.
(1983) demonstrated that buckets overcollect supermicrometer
particles and undercollect submicrometer particles relative to
natural surfaces. Dolske and Gatz (1985) showed that dry deposi-
tion of sulfate varied by as much as an order of magnitude,
depending on the sampler size, shape, and method of deployment.
As a consequence, bulk-sampled phosphorus and wet-only-
Fig. 8.2. Summary of available data for annual average wet deposition of soluble or dissolve
soluble phosphorus filtration method for each study and codes identify the data quality, da
wet deposition levels; the annual average flux at each site appears next to the symbol.
sampled phosphorus would be equivalent only if dry deposition
contained virtually no phosphorus.

Given that mineral dust and pollen are two important sources of
dry-deposited phosphorus, we elected not to present bulk depo-
sition in the global deposition maps of Figs. 8.2 and 8.3 e in light of
the fact that bulk deposition includes wet deposition plus an un-
known fraction of dry deposition. In addition, we present filtered
and unfiltered measurements differently. Filtration of precipitation
through a 0.45 micron-pore-size filter is the most common practice
for removal of non-dissolved particles. While this practice is
effective, no claim is made that it results in a filtrate that is
completely free of particles. Notwithstanding this caveat, the
phosphorus measured in the filtrate was defined operationally as
dissolved phosphorus.

As previously mentioned, PO4
3� is a nutrient and the soluble

form of inorganic phosphorus. The fraction of phosphorus that is
PO4

3� varies widely, depending on the atmospheric phosphorus
source. Provided other nutrient requirements are met, living or-
ganisms readily assimilate PO4

3�; it is the preferred phosphorus
nutrient and can be consumed by organisms in a precipitation
sample and converted to organic and other inorganic forms of P.
Although PO4

3� is preferred, organisms also assimilate other phos-
phorus forms (Migon and Sandroni, 1999), though presumably to a
lesser degree and at a slower rate. As a consequence, PO4

3� can be
lost from a precipitation sample, while the total phosphorus con-
tent of the sample is preserved (Ayers et al., 2003). Given this
instability, samples must either be analyzed promptly or preserved
in some way. For this assessment, PO4

3� measured in daily samples
that were preserved between collection and analysis (e.g., by
d phosphorus (g P ha�1 a�1). As shown in the figure legend, symbol shapes identify the
ta source and sampling period at each site. Symbols are color-coded according to their
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Fig. 8.3. Summary of available data for annual average wet deposition of total phosphorus (g P ha�1 a�1). The codes beside each symbol identify the data quality, data source and
sampling period at each site. Symbols are color-coded according to their wet deposition levels and the annual average flux at each site appears next to the symbol.
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refrigeration) were deemed to be of satisfactory quality, as were
longer-duration samples if preserved in situ in the sampler.

Measuring phosphorus in precipitation samples is challenging
not only because of the instability of PO4

3� but also because con-
centrations can be very low, e.g., 0.01 mg L�1 or less. Total phos-
phorus exists as PO4

3� and other inorganic and organic phosphorus
compounds. Although generally soluble, PO4

3� can be bound by the
mineral matter in soil particles of limited solubility (Bergametti
et al., 1992). The solubility of other inorganic phosphorus com-
pounds, e.g., phosphate chains or ring compounds known as
condensed phosphates, depends on the molecular form, solution
acidity, temperature, etc.

The most common method for analyzing phosphorus is a
colorimetric test, termed the “ascorbic acid method” (Murphy and
Riley, 1962). Without preliminary hydrolysis or oxidative digestion
this test responds to PO4

3� in the sample and to a small fraction of
condensed phosphates, if present (APHA, AWWA, and WEF, 1999).
Despite the possible small contribution from condensed phos-
phates, analysis results are typically defined operationally as
measurements of PO4

3� and are here termed as dissolved inorganic
phosphorus (labeled DIP in Fig. 8.2) or, in other publications, as
dissolved reactive phosphorus. In order to measure all forms of
phosphorus in precipitation, samples must be digested before
analysis by heating and acidifying in order to convert the
condensed and organic phosphorus to PO4

3�. There are several
methods for digesting phosphorus, each having a different effi-
ciency for converting condensed or organic phosphorus to PO4

3�.
Further research is needed to evaluate the efficacy of the various
digestion procedures in precipitation samples although that work is
beyond the scope of this assessment. For this assessment, results of
the ascorbic acid analysis following sample digestion using any of
these methods were defined operationally as total phosphorus. For
filtered samples, the measurements were reported as total
dissolved phosphorus (labeled TDP in Fig. 8.2) and for unfiltered
samples they were reported as total phosphorus (as in Fig. 8.3).

8.3.1. Dissolved phosphorus
Fig. 8.2 displays measurements of the annual wet deposition of

dissolved phosphorus at 23 sites around the world, based on data
from studies conducted in the mid to late 1990s through 2007.
Fluxes range from 20 to 180 g per hectare per annum (g ha�1 a�1).
Symbols in the Figure indicate how the samples were handled
(filtered or unfiltered) and analyzed (orthophosphate with no
digestion as DIP, or orthophosphate following digestion as TDP).
Results of studies never previously published are presented for three
sites in Australia (R. Gillett, personal communication, November,
2010), a site in Malaysia (R. Gillett, personal communication,
November, 2010), two sites in southern Norway (Oredalen et al.,
personal communication, March, 2010), and nine sites in the
eastern United States (NADP/AIRMoN, 2010). Access to individual
sample measurements at these 15 sites made it possible to evaluate
the data quality as either satisfactory or conditional and to calculate
fluxes from annual precipitation-weighted-mean concentrations
and precipitation amounts in the same manner as for other mea-
surements in this assessment (e.g., using half the detection limit in
calculations when a detection limit was reported). Data for the 8
other sites were taken from published studies and were rated as
conditional, since we were unable to evaluate the methods used for
the individual sample measurements. Citations for all of the studies
are listed in the legend, as are the month and year of the beginning
and ending of the reported measurements.

Virtually all of the studies reported substantial intra-annual
variability in the wet deposition of dissolved phosphorus. Rea-
sons included variations in precipitation amount and frequency
(e.g., G. Zhang et al., 2007), dust storms (e.g., Özsoy, 2003) and
incinerators and biomass burning (e.g., Migon and Sandroni, 1999).
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Because of intra-annual variability, studies lasting less than one
year were not included in the global map. For seven of the studies,
the annual flux shown on the map was based on a single year of
data, so therewas noway to account for inter-annual variability. For
the remaining studies, the sampling period ranged from2 to 8 years
in duration and an average annual flux was reported. Instead of
adding estimates of variability to the values in Fig. 8.2, annual fluxes
were placed in one of five deposition classes, depicted by color. The
spatial distribution of the colored symbols shows the locations of
heavy and light phosphorus deposition.

From January 2000 through December 2007, the U.S. Atmo-
spheric Integrated Research Monitoring Network (NADP/AIRMoN,
2010) had the longest consistent set of wet-only PO4

3- measure-
ments among the data available for this assessment. AIRMoN
samples were collected daily within 24 h of the onset of precipi-
tation. In order to retard microbial degradation of nutrients
including PO4

3�, samples were refrigerated after collection, during
storage and shipment, until analysis. The unfiltered samples were
analyzed without digestion for dissolved PO4

3-. Measurements
affected by extrinsic contamination such as vegetation, insects, or
other organic debris observed in the samples, were excluded. Six of
the nine AIRMoN sites had eight satisfactory years of data. These are
shown in the upper left inset as the sites with Quality/Source/
Period ¼ S 6 g. Average annual PO4

3�eP fluxes ranged from 27 to
38 g ha�1 a�1 at these six sites and reflect the distribution of
mineral, combustion, and biological particulate PO4

3- sources in the
eastern United States. Inter-annual variability at these six sites, as
expressed by the coefficient of variation, ranged from 15 to 22
percent. With this relatively small amount of variation, only the
southernmost site (average annual flux: 38 g ha�1 a�1) was
significantly different (t-test, p < 0.05) than any of the other sites.

Straightforward comparisons within and among regions are
made difficult by differences in the sample types, sampling period
lengths, and sample handling procedures. Least problematic are
comparisons where the protocols and the Quality/Source/Period
designations are identical. Examples include: coastal and inland
DIP fluxes in southern Norway (Oredalen et al., personal
communication, March, 2010) and DIP fluxes at sites around the
Mediterranean Sea (Markaki et al., 2010). Readers are encouraged
to examine these and other cited publications to gain insights into
the relationships between the reported deposition and the local
and regional sources affecting these fluxes. In one of these studies
(Migon and Sandroni, 1999), investigators collected wet-only rain-
event samples at Cap Ferrat, a coastal French site, in order to
examine the partitioning between soluble and insoluble phos-
phorus and between TP and PO4

3�eP. Results of this 1-year study
showed that the TP flux of 51 g ha�1 a�1 comprised a TDP flux of
30 g ha�1 a�1 (or w60 percent of TP), while the total suspended
particle phosphorus flux, measured by digesting the residue on the
filter, was 22 g ha�1 a�1. Further, the PO4

3�eP flux was 20 g ha�1 a�1,
or two-thirds of the TDP.While only one year in duration, studies of
this type are useful for sorting out the various phosphorus types,
forms, and sources, as well as informing investigations of the effects
of phosphorus on marine, aquatic, and terrestrial ecosystems.

One other study of special note examined the DIP concentra-
tions in unfiltered wet-only samples collected when air trajectories
were incoming from the remote southern ocean at Cape Grim, a
background site in northwestern Tasmania (R. Gillett, personal
communication, November, 2010). The average DIP concentration
under these conditions for each of five years was 0.003 mg per liter,
suggesting that sea spray is a weak contributor to atmospheric P.

8.3.2. Total phosphorus
Fig. 8.3 displays measurements of annual TP wet deposition at

7 sites, based on data from studies conducted in the late 1990s
and early 2000s. Fluxes range from 37 to 320 g ha�1 a�1. Results of
studies never previously published are presented for two sites in
southern Norway (Oredalen et al., personal communication,
March, 2010). These data are from a 1-year study in which TP
(Fig. 8.3) and DIP (Fig. 8.2) were measured in wet-only samples at
a coastal and an inland site. The DIP:TP at the coastal site was
0.28, which is somewhat lower than the 0.39 found at Cap Ferrat
(Migon and Sandroni, 1999). The DIP:TP at the inland site was
0.55. One might infer from these differences that PO4

3� is a larger
fraction of TP at inland sites because of the effects of combustion,
biomass burning, and phosphate fertilizers on airborne phos-
phorus concentrations. Deforestation and related biomass
burning and cultivation practices were cited as likely causes of the
high DIP:TP of w0.6 in wet-only samples from a Serengeti Na-
tional Park site in Tanzania, as well (Tamatamah et al., 2005).
Scientists there are trying to better understand the causes of the
increasingly eutrophic conditions in Lake Victoria, where phos-
phorus levels have more than doubled since the 1960s
(Tamatamah et al., 2005). Based on all of these studies the ratio of
dissolved to total phosphorus ranges from approximately 0.3e0.9.
It is clear that isolating the effects of various phosphorus sources
on TP, TDP, and DIP requires careful studies in which wet-only
samples are analyzed for all phosphorus types and the results
are coupled with trajectory analyses and airborne phosphorus
measurements. TP wet deposition at three measurement sites in
the Mediterranean Basin ranged from 37 to 51 g ha�1 a�1.

Citations for all of the TP measurements are listed in the legend
of Fig. 8.3, as are the month and year of the beginning and end of
the reported measurements. Readers are encouraged to examine
these publications for additional information about these studies.

8.4. Airborne concentrations of phosphorus

Due to the relative lack of dry deposition data for phosphorus,
we examine here aerosol-phase phosphorus concentration data in
an attempt to improve our understanding of the distribution and
behavior of atmospheric P. As was the case with wet deposition, a
variety of sampling (filter materials and sampler flow rates) and
analytical techniques have been used to study aerosol phosphorus.
Analysis methods include direct determination of total phosphorus
on aerosol filters (e.g. by particle-induced X-ray emission (PIXE)
analysis), total phosphorus analysis following complete filter
digestion and aqueous extraction followed by diverse methods for
determination of soluble inorganic, soluble organic and total dis-
solved phosphorus. As for wet deposition, we describe measure-
ments of soluble phosphate based on the ascorbic acid method as
dissolved inorganic phosphorus (DIP).

Measurements of aerosol phosphorus, as for phosphorus in wet
deposition, are challenging because phosphorus concentrations in
aerosol form are rather low, although aerosol collection procedures
can be optimized (e.g., by increasing sampler flow rates or collec-
tion times) to compensate for this to some extent. Again, in contrast
to the other substances included in this assessment, we have cho-
sen to expand the few data available to us by including the results
of studies carried out during short-term missions aboard ships on
the open ocean (see Figs. 8.4 and 8.5). These studies give further
insight into the distribution of atmospheric P, but it should be noted
that these results only reflect the conditions prevalent at the time
of each mission and are not necessarily representative of the long-
term averages described elsewhere in this work.

8.4.1. Soluble aerosol phosphorus
Fig. 8.4 shows concentrations of aerosol dissolved inorganic

phosphorus around the globe. There are rather few long-term
measurements in this record, with a site in Taiwan (Chen and



Fig. 8.4. Summary of available data for aerosol DIP concentrations (ng P m�3). Large circular symbols denote long-term measurement sites for which annual average concentrations
are shown. For these sites, symbols are color-coded according to their annual average concentrations which are given next to each symbol. Codes next to these symbols identify the
data status and data origin shown in the legend. Smaller symbols show concentrations obtained from aerosol sampling aboard ships, color-coded according to their instantaneous
measured concentrations. Symbol shapes identify the origin of the data.

Fig. 8.5. Summary of available data for aerosol total phosphorus concentrations (ng P m�3) per caption of Fig. 8.4.
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Chen, 2008) and a few sites included in the Mahowald et al. (2008)
compilation (Tel Shikmona, Israel; Finokalia, Crete; Erdemli,
Turkey; Lake Tahoe and Hawaii, U.S.). Average DIP concentrations at
these sites varied between 80 ng m�3 near major deserts (Herut
et al., 1999 as cited in Mahowald et al., 2008) and 2.2 ng m�3 at
Lake Tahoe (Paytan and Chen, personal communication, 2007 as
cited in Mahowald et al., 2008).

Short-term measurements are available from cruises in the
central North Pacific and Atlantic Oceans and the Mediterranean
Sea. These data illustrate the difficulties in the use of short-term
measurements for our assessment. For instance, in the western
tropical North Atlantic (w5e12 �N) significant differences appear
between the datasets of Chen (2004, as given in Mahowald et al.,
2008) and Baker et al. (2010), while these two datasets are in
much better agreement further to the north off North Africa (w25e
35 �N). The differences between the datasets in the western
Atlantic likely reflect the strong seasonality in Saharan dust
transport. Much of the Chen (2004) dataset was acquired during
boreal winter and summer periods of high dust transport (e.g.
Basart et al., 2009), while the Baker et al. (2010) data in this region
were obtained under autumn low dust transport conditions. As a
whole, the Baker et al. (2010) dataset gives the impression of rather
uniform DIP concentrations across the Atlantic basin, but as a long-
term representation this is probably misleading. All of these data
were obtained during periods of weak mineral dust transport, so
that it does not show the strong spatial heterogeneity associated
with dust-derived phosphorus transport. Where cruise data were
acquired during different seasons in a given region (e.g., the
western tropical North Atlantic and central Pacific) strong varia-
tions in aerosol DIP concentrations were observed.

Baker et al. (2010) classified their aerosol samples by source
region. Median DIP concentrations varied from w0.4 ng m�3 for
samples that had spent at least 5 days over the South Atlantic Ocean
tow1.6 ng m�3 for samples that contained Saharan dust. They also
reported that DIP concentrations of samples originating in southern
Africa were slightly higher in samples influenced by biomass
burning (median 1.1 ng m�3) than in those that were not (median
0.9 ng m�3).

8.4.2. Aerosol total phosphorus
For aerosol total phosphorus concentrations (Fig. 8.5) there

were rather more long-term measurement sites and fewer ship
campaigns than was the case for DIP. Coverage of long-term sites
was best in western Europe and the Mediterranean, Southeast Asia
and the Amazon region of South America. Sites were sparse else-
where, with none available for eastern Europe and central and
southern Asia.

Total phosphorus concentrations were highest adjacent to de-
serts (175e378 ngm�3 (Andreae et al., 2002; Chen et al., 2008)) and
in the Brazilian savanna (147 ng m�3 (Maenhaut et al., 1999)), the
former associated with high mineral dust loadings and anthropo-
genic emissions and the latter with biomass burning. Lowest con-
centrations were observed in Hawaii (2 ng m�3: see Mahowald
et al., 2008), at Lake Tahoe in western North America (3 ng m�3:
see Mahowald et al., 2008), and at sites in Scandinavia (2e3 ng m�3

(Virkkula et al., 1999)).
While there is little total phosphorus data available over the

oceans, the studies of Baker et al. (2006a and b) show concentration
maxima associated with Saharan dust plumes over the Atlantic
Ocean. The results of Furutani et al. (2010) show relatively high
concentrations of total phosphorus near the east coast of Asia and
much lower concentrations in the central North Pacific. Furutani
et al. (2010) estimated that a significant fraction (w20e40%) of
total phosphorus was of anthropogenic origin, while a much
smaller proportion came from mineral dust from Asia.
8.5. Calculated dry deposition of phosphorus

We use the data presented in Figs. 8.4 and 8.5 to estimate annual
dry deposition of DIP and total P. In order to do this we calculated
inferential values of dry deposition (Fd) from aerosol concentrations
(Ca) according to Equation (8.1) in which vd represents the dry
deposition velocity of phosphorus-containing aerosols.

Fd ¼ vdCa (8.1)

Dry deposition velocities are poorly constrained and vary non-
linearly with particle size, wind speed and deposition surface.
They are particularly poorly understood over the ocean where
direct measurements are very challenging and the size range of
phosphorus-bearing aerosols is largely unknown. Because of this
uncertainty and in order to provide a degree of comparability with
the fluxes shown in Fig. 8.1, we used modeled gridded annual
average deposition velocities from Mahowald et al. (2008) to
calculate the fluxes shown in Figs. 8.6 and 8.7. The size distribution
of the phosphorus aerosols was assumed to be the same as that of
mineral dust. This assumptionmay not be valid over tropical forests
where the concentrations of large primary biogenic particles are
likely to be high and where dust concentrations are relatively low.
We emphasize that the uncertainty in deposition velocities and the
resultant dry deposition is considerable.

In order to maximize the information derived from the dataset
available, we represent the calculated dry deposition of phosphorus
in units of mg P ha�1 day�1 in Fig. 8.6 and 8.7. This recognizes that
the daily aerosol sampling conducted during ship-based studies is
unlikely to be representative of annual average conditions. For the
long-term monitoring sites we also discuss annual average dry
deposition below.

Daily calculated DIP dry deposition in the Atlantic, Mediterra-
nean and North Pacific basins ranged from 0.1 to 250, 31 to 345 and
1.2 to 191 mg ha�1 day�1 respectively. As indicated in Section 8.4.1,
there is considerable seasonality in different DIP sources. In Fig. 8.6
(where possible) we have plotted individual dry deposition esti-
mates as a function of collection date in order to show how
representative the observations are of the annual cycle. Only in two
cases (the western tropical Atlantic and tropical North Pacific e see
boxes in Fig. 8.6) do we consider that the available data can be
combined to give a rough approximation of an annual average cy-
cle. For these two areas we use the median daily fluxes to calculate
tentative estimates of the annual average dry deposition of DIP of
3.0 (western tropical Atlantic) and 3.6 g ha�1 a�1 (tropical North
Pacific). Based on an analysis of aerosol source frequency and
characteristic DIP concentrations for those sources, Baker et al.
(2010) estimated a lower limit for dry DIP deposition in a similar
area of the western tropical Atlantic of 2.2 mg ha�1 day�1

(0.8 g ha�1 a�1). Overall, these authors estimated the lower limit for
dry DIP deposition to the Atlantic Ocean between 50�N and 50�S to
be w6 Gg a�1.

For TP, daily dry deposition to the ocean (Fig. 8.7) varied from
<0.5e106, 31e750 and <0.1e723 mg ha�1 day�1 for the Atlantic,
Mediterranean and North Pacific Oceans respectively. Again, it
should be remembered that these daily fluxes are not necessarily
representative of the annual average. For the western North Pacific
(see box in Fig. 8.7) we used the median of the available daily fluxes
to estimate an annual average dry deposition of TP of 9.4 g ha�1 a�1.
This estimate should also be regarded as tentative due to the poor
temporal coverage of the data.

Calculated annual dry deposition at the land stations for DIP is in
the range <3e130 g ha�1 a�1 and for TP in the range <10e
617 g ha�1 a�1. These compare to the measured wet deposition
(Fig. 8.2 and 8.3) ranges of 20e180 g ha�1 a�1 for DIP and 37e



Fig. 8.6. Calculated dry deposition of DIP derived from the data presented in Fig. 8.4. Results from studies aboard ships are given in units of mg P ha�1 day�1, while units from long-
term measurements at land sites are in g P ha�1 a�1. Where suitable, conversion from mg P ha�1 day�1 to g P ha�1 a�1 can be done by multiplying by 0.365. Methods used to
calculate fluxes are given in Section 8.5. Samples are color-coded according to their location. Lower panels show individual flux values as a function of sampling date for various
ocean regions (dashed lines in the Atlantic indicate the upper and lower boundaries of the Tropical Atlantic region), and annual average fluxes for the land sites plotted on an
arbitrary scale indicating the longitudinal distribution of the sites through each region. Changes in y-axis scales on these panels are indicated by gray shading. Boxes on the map
show ocean regions where individual values were averaged to produce annual dry deposition estimates (see text). The box-and-whisker plots identify the mean value (green) and
the 5th, 25th, 50th (blue), 75th and 95th percentile values.
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320 g ha�1 a�1 for TP. Direct comparisons between these dry and
wet deposition estimates are inappropriate because there are no
co-located (in time and space) wet deposition and aerosol con-
centration data. Notwithstanding the limited information available,
it would appear that both wet and dry deposition make significant
contributions to the global atmospheric phosphorus flux, but their
relative contributions vary regionally depending on precipitation
rates and proximity to sources.

8.6. Summary, uncertainties and gaps

In comparison to sulfur and nitrogen, few studies of atmo-
spheric phosphorus deposition exist and several parts of its global
cycle are poorly understood. There are very few long-term records
of phosphorus deposition and many records are unevenly distrib-
uted in space and time. Sources of phosphorus to the atmosphere,
and the processes that control the dissolution of phosphorus from
those materials, are also relatively poorly understood. Condensed
and organic phosphorus compounds have limited solubility and
PO4

3� can be readily adsorbed in soil mineral matter, limiting its
solubility. Although mineral dust appears to be the dominant
source of atmospheric phosphorus, the phosphorus content of this
dust is not well characterized (see discussion in Mahowald et al.,
2008). Phosphorus content is likely to be inherently variable due
to the association of phosphorus with trace minerals (e.g., apatite)
that are not uniformly distributed among different dust sources. In
addition, Rodriguez et al. (2011) recently suggested that when high
phosphorus concentrations occur with dust in the Saharan air layer
they are augmented by emissions from phosphate mines and
phosphate fertilizer industries. These sources were not included in
the study of Mahowald et al. (2008), due to a lack of available in-
formation about their distribution and emission characteristics. As
a whole, these uncertainties currently make parameterization of
global phosphorus deposition even more difficult than the already
complex problem of estimating global atmospheric mineral dust
fluxes.

mailto:Image of Fig. 8.6|tif


Fig. 8.7. Calculated dry deposition of total phosphorus derived from the data presented in Fig. 8.5 per caption of Fig. 8.6.
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The fraction of atmospheric phosphorus that is bioavailable is
also uncertain at present. DIP is generally assumed to be readily
available to photosynthetic organisms, but soluble organic forms of
phosphorus may also be available to organisms with alkaline
phosphatase enzyme activity (Stihl et al., 2001). It also may be
possible that some organisms are able to promote the dissolution of
phosphorus from mineral particles, as appears to be the case for
iron dissolution from dust particles for the marine diazotroph Tri-
chodesmium (Rubin et al., 2011).

Atmospheric inputs of phosphorus are likely to be most
important to ecosystems in which primary productivity is limited
by low phosphorus availability. The eastern Mediterranean is
probably the largest such marine ecosystem, prompting several
workers to investigate atmospheric phosphorus in this region.
Although P-limitation of primary productivity is probably rather
uncommon in the present global ocean (Moore et al., 2002), trends
towards increasing P-limitation in the Pacific Ocean near Hawaii
(and perhaps elsewhere) may be related to anthropogenic in-
fluences on the atmospheric N and Fe cycles (Krishnamurthy et al.,
2009). Phosphorus limitation (or co-limitationwith Fe) may also be
important for diazotrophic (nitrogen fixing) organisms in the
tropical oceans (Mills et al., 2004). Over long times cales
phosphorus may regulate the productivity of terrestrial ecosystems
such as the western Hawaiian islands (Chadwick et al., 1999), the
Amazon basin (Swap et al., 1992) and the semiarid steppes of Africa
and Eurasia (Okin et al., 2004). The role of phosphorus as a limiting
nutrient in freshwater lakes is also well established (Schindler,
1977). It is clear from the foregoing discussion that major gaps
exist in our understanding of global wet and dry deposition of
phosphorus and that further measurements and research are
required to quantify the role of atmospheric deposition in the
biogeochemical cycling of phosphorus.

Future measurements of phosphorus deposition will need to
address wet deposition and size-resolved particle-phosphorus in
air e the latter being used to estimate inferential dry deposition. In
the past, a number of deposition studies have relied on bulk
deposition measurements to estimate total deposition specifically
at sites distant from phosphorus dust sources. These studies have
assumed that, with proper chemical preservation and siting, bulk
deposition measurements can reasonably represent the two main
types of phosphorus deposition: wet deposition plus coarse particle
dry deposition. In light of the uncertainties associated with bulk
deposition measurements (Section 8.3; WMO/GAW, 2004), the at-
mospheric deposition community generally discourages bulk

mailto:Image of Fig. 8.7|tif
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measurements. For completeness, however, a number of these
studies are summarized in Table S4 of the Addendum including
published studies from Japan, Israel and the Mediterranean Basin
(Tsukuda et al., 2005; Herut et al., 1999; Guieu et al., 2010; Markaki
et al., 2010) and unpublished studies at forested sites in eastern
Canada (data sources: Semkin, 2010; Yao et al., 2010). Readers are
left to evaluate whether or not the bulk deposition values in
Table S4 fall within their tolerance limits for total deposition.

9. Conclusions

The major objective of this assessment was to provide the sci-
ence and policy communities with the best available information
on the composition of precipitation and atmospheric deposition of
major compounds globally and regionally. This was accomplished
by presenting quality assured measurement-based data from
monitoring networks and long-term research studies around the
world, complemented by model results generated by 21 Eulerian
global models that participated in the Coordinated Model Studies
Activities of the Task Force on Hemispheric Transport of Air
Pollution (TF HTAP). This approach resulted in the generation of
maps that are useful for understanding concentrations and depo-
sition of wet- and dry-deposited substances. The authors assessed
the key information necessary to understand the spatial and tem-
poral characteristics of precipitation chemistry and wet and dry
deposition. Recognizing that different research communities would
want different products from the paper, the authors aimed to
address the needs of many science communities and to provide the
basic building blocks to assist other environmental experts in their
future research programs.

A major product of this assessment is a quality assured,
regionally-representative set of global deposition data that is
available for downloading from the web page of the World Mete-
orological Organization World Data Centre for Precipitation
Chemistry (WDCPC) at http://wdcpc.org/. This data set was used to
create global wet deposition maps for two time periods, 2000e
2002 and 2005e2007, and was complemented by maps of the TF
HTAP ensemble-mean modeling results for the year 2001. A subset
of the maps generated have been included in the main manuscript;
many additional maps and tables appear in the Addendum in this
Special Issue. The authors, most of whom have expertise in pre-
cipitation chemistry and deposition for their particular region of
the world, believe that this assessment provides as complete a
picture of global deposition as possible at the present time.

The Introduction raises three key science questions that were
the basis of this assessment. In some cases, the answers are thor-
ough and in others they are quite limited. A short summary of the
results and conclusions is presented here for each of the three
questions. More detailed summaries may be found at the end of
each preceding section.

1. What do measurements and model estimates of precipitation
chemistry and wet, dry and total deposition of sulfur, nitrogen,
sea salt, dust, organic acids, acidity (pH), and phosphorus show
globally and regionally?

Despite the scarcity of sulfur measurements inmany areas of the
world, sulfur concentrations in precipitation and wet deposition
are reasonably well characterized globally. This is due to the
availability of high-quality observations from robust monitoring
networks and studies dedicated to understanding and tracking the
impact of SO2 emissions over the last several decades. Highest
sulfur wet deposition occurs in themajor established and emerging
industrial areas, principally in the northeastern United States,
western Europe, and East Asia. Dry deposition methods remain
imprecise and measurement-based inferential estimates are avail-
able only in a few countries. However, ensemble-mean model
global patterns of dry and total deposition closely mimic the wet
deposition patterns. The TF HTAP ensemble-mean global model
results significantly overestimated total deposition of sulfur in
Europe as well as dry and total deposition in North America.

Nitrogen deposition is also reasonably well characterized glob-
ally for nitrates and ammonium in precipitation and dry deposited
nitric acid and particle-nitrate. Wet deposition of nitrogen is
highest in eastern North America, southern Europe, northeast In-
dia, southeast Asia, and northern Oceania. In industrialized regions,
oxidized nitrogen is often a larger contributor to nitrogen wet
deposition than reduced nitrogen. In regions of intensive agricul-
ture and many low deposition areas over the oceans, reduced ni-
trogen is often greater. Globally, deposition of reduced nitrogen
deposition continues to exceed oxidized nitrogen. As with sulfur,
many areas of the world have few if any measurements and
measurement-based inferential dry deposition estimates exist for
only a few regions. Model-based dry and total deposition are
highest in the eastern United States, western Europe, South Asia
and eastern China.

The contribution of organic acids to precipitation acidity is
important in many regions of the world and may be relevant to
climate and ecosystem issues because of the carbon content of
these compounds. Long term measurements of organic acids in
precipitation exist at only a few sites worldwide, and aside from
DEBITS (Deposition of Biogeochemically Important Trace Species)
sites in Africa, there are no routine measurements of organic acids
in any of the major precipitation chemistry monitoring programs.
An integrated global view of previously published organic acid data
suggest that the highest concentrations of formate and acetate in
precipitation are generally observed in forested tropical areas near
the equator, with a gradual decrease toward the poles. Total wet
carbon deposition from these two compounds exceeds that of
sulfur at most African sites and is comparable to the reported wet
nitrogen deposition. Organic acids are unstable in precipitation
samples due to biodegradation, requiring careful sample preser-
vation beyond the methods employed for major ions. There are no
known network estimates of air concentrations or dry deposition of
these compounds.

Wet deposition of ortho-phosphorus (as PO4
3�) is measured

routinely by only one network worldwide e the Atmospheric
Integrated Research Monitoring Network (AIRMON) in the
eastern United States. Routine, long term, network measure-
ments of both wet and dry phosphorus deposition are needed on
all continents and oceans in order to quantify the role of atmo-
spheric deposition in the biogeochemical cycling of phosphorus.
Phosphorus exists in organic and inorganic (mineral dust) forms
that have limited solubility and are not well characterized.
Model-simulated total phosphorus concentrations and deposi-
tion around the globe are consistent with mineral dust, which is
believed to be the dominant source of atmospheric phosphorus.
Atmospheric phosphorus occurs primarily in the form of coarse
particles so the primary dry deposition process is gravitational
sedimentation, a process that is not handled with confidence
using currently-available measurement methodologies. Atmo-
spheric inputs of phosphorus are likely most important to eco-
systems where primary productivity is limited by phosphorus
availability or by anthropogenic influences of nitrogen or iron
deposition. The ranges of estimated annual dry deposition and
measured wet deposition of DIP and TP at land stations are
roughly equivalent. Direct comparisons between the dry and wet
ranges, however, cannot be done because collocated wet depo-
sition and aerosol concentration measurement data are not
available. Despite the limited data availability, the existing data

http://wdcpc.org/
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suggest that both wet and dry deposition make significant con-
tributions to the global atmospheric phosphorus flux, although
their relative contributions vary regionally depending on pre-
cipitation rates and proximity to sources.

Acidity and pH are dominated by strong mineral acids in loca-
tions near and downwind of major industrial regions of the world
including eastern North America, Europe, and east Asia. In locations
where Hþ concentrations in precipitation are less than 5 meq L�1,
weak acids including carbonates and organics play a major role in
determining acidity. Based on either measured or modeled con-
centrations of SO4

2�, NO3
�, NH4

þ and Ca2þ, global Hþ concentrations
in precipitation can be estimated well except in areas where Hþ

concentrations are less than 5 meq L�1. In these regions, the bicar-
bonate, formate and acetate ions, in some combination, must be
included in the measurement and/or modeling scheme. Measure-
ment programs in those areas are encouraged to measure these
ions on a routine basis.

Wet deposition of sea salt closely parallels the modeled emis-
sions patterns, with deposition being highest over the regions of
the oceans where mean wind speeds are highest, principally over
mid- and high-latitude oceans. Bothwet and dry sea salt deposition
decrease rapidly with distance inland from the coast, although
saline inland water bodies such as the Black and Caspian Seas also
influence deposition to surrounding regions. Of key importance is
that total deposition of sea salt to inland lakes and forests is of
ecological significance, and values of 20e40 kg ha�1 a�1 may occur
as far as 500 km inland.

Measurements of base cation wet deposition provided the basis
for estimating the sum of NaþþCa2þþMg2þþKþ in wet deposition.
This sum is of interest to the critical loads science community
because it must quantify the total deposition of these four base
cations in orer to calculate critical loads and exceedances of aquatic
and terrestrial ecosystems. Although wet deposition is only one
part of the total deposition, it serves as an important source of
information to the critical loads community. The global measure-
ments of wet deposition of the base cation sum ranged from 0.01 to
11.7 keq ha�1 a�1 in 2000e2002 and 0.01e8.5 keq ha�1 a�1 in
2005e2007. Unfortunately, the measurement data were too sparse
to characterize base cation deposition in and downwind of the
regions of the world where aeolian dust deposition is expected to
be high, e.g., the major deserts and arid regions of the world.
Enhanced monitoring in these areas is needed.

2. How has wet and dry deposition of major ions changed since
2000 and, where information and data are available, since 1990
as a result of changing precursor anthropogenic emissions?

Information is available to describe global changes in wet and
dry deposition of sulfur (since 1990) and reduced and oxidized
nitrogen (since 2000). However, global changes remain impossible
to estimate for sea salt, organic acids and total phosphorus. Tem-
poral changes to precipitation-weighted mean non-sea-salt sulfur
(nssS) concentrations, wet deposition and total deposition vary
widely across the globe. In North America, the success of Canadian
and U.S. SO2 emission reduction programs have led to marked de-
creases of S wet deposition across the continent, beginning in the
mid-1990s. In Europe, wet deposition levels in 2005e2007 were
also markedly lower than in 2000e2002, attributable to large SO2

emission reductions which began after 1990. Ship emissions are of
growing concern in several regions, although it is expected that
recently adopted regulations will lower these considerably. In Af-
rica, changes in sulfur wet deposition are difficult to assess because
of limitations in deposition and emissions data, although limited
data suggest marked increases and decreases at the few stations
where measurements have been collected. In Asia, the average
percent change for measurement sites was an increase of 8.5%, but
both major increases and decreases occurred in some areas. A
longer period of observations at a larger number of regionally
representative monitoring stations will be required to elucidate
temporal trends for Asia and Africa.

Major changes in the anthropogenic emissions of NOx and NH3
have occurred from 2000 to 2007 and have been documented in
various parts of the world. These include major NOx emission re-
ductions in Europe, eastern Canada, and the eastern U.S., and major
NOx and NH3 emission increases in India and China. Consistent
with, and of the same order of magnitude as, the aforementioned
continental changes in emissions, median wet deposition of ni-
trogen decreased in North America and Europe and increased in
Africa and Asia. Robust measurement programs in Europe and
North America do not identify major changes in oxidized or
reduced nitrogen measurements prior to about 1999. Trends else-
where on the globe cannot be assessed prior to about 2000.

In the previous assessment (Whelpdale and Kaiser, 1996),
predictions were made concerning deposition for the future (ca.
2020) of sulfur and nitrogen. For sulfur, it was predicted that there
would be a large increase in total deposition in the less developed
regions caused by increases in population and per capita fossil fuel
use. Increases in deposition of 50% or more were calculated for
major parts of Latin America, Africa, and southeastern Asia, with
the largest increases (more than a factor of three) over southern
Africa and India. Large increases in total nitrogen deposition were
predicted over the northern oceans, with only small increases to
most of the southern oceans. The greatest relative increases, up to
400%, were expected over South America and South Africa, up to
300%, over Central America and parts of Asia, and up to 200% over
the southwestern United States due to large increases in emis-
sions from Mexico. These projections represent lower limits as
emissions from biomass burning and increased use of fertilizer
were not considered and even modest increases would be of
relevance to deposition due to the relatively pristine base condi-
tions. Fortunately, our present deposition estimates from obser-
vations and/or the TF HTAP models generally do not support these
projected increases with the exception of Southeast Asia. While
another decade must pass before the projections from the previ-
ous assessment can be fully assessed, it is apparent that additional
measurements are necessary, particularly in Africa, Central
America and the Southern Hemisphere, if a comprehensive
assessment of measurement-based trends is to be generated for
the rapidly developing regions of the globe. It can also be
concluded that while areas projected to receive increasing depo-
sition were generally correct, the previous assessment did not
anticipate the magnitude of reductions in sulfur and nitrogen
deposition in Europe and North America associated with the
success of various emissions reductions programs.

3. What are the major gaps and uncertainties in our knowledge?

Since the previous global assessment of precipitation chemistry
(Whelpdale and Kaiser, 1996), there have been encouraging im-
provements in measurement programs. Measurements of major
ions in precipitation are readily available in much of North America
and Europe, and increasingly so in East Asia and Africa. The
establishment of standardized sampling protocols and analytical
methods for regionally representative measurements (WMO/GAW,
2004) as well as a global laboratory quality assurance program
(Quality Assurance/Science Activity Centre e Americas, http://
qasac-americas.org/) has reduced methodology uncertainties and
permitted more objective evaluation of disparate data sets from
laboratories around the world. Coupled with encouraging im-
provements in measurement programs, there is an improved

http://qasac-americas.org/
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understanding of atmospheric processes. For instance, global
chemical transport models have succeeded in assimilating much of
what is known about major ion cycling in the atmosphere in order
to provide coherent model estimates of many of the major ions
globally.

In spite of the above successes, many significant gaps and
uncertainties in our knowledge of precipitation type and chem-
istry, and wet and dry deposition from observations and models
remain.

Wet deposition estimates are a function of ion concentrations as
well as precipitation amount. With regard to effects on deposition,
the type and rate of precipitation are rarely considered and have
not been considered in this assessment. It would be folly to assume
that fog, drizzle, and convective precipitation do not affect depo-
sition in different ways. Further work needs to be done to investi-
gate the effects of precipitation on chemical composition and
deposition on a region by region basis.

Major regions of the world, including South America, large areas
of North America, much of Asia, Africa, Oceania, the polar regions,
and all of the oceans, remain very poorly sampled for all of the
major ions in precipitation. In those regions where sampling is
relatively frequent, little information exists on phosphorus, organic
forms of nitrogen, and weak acids including carbonates and organic
acids.

Measurement-based inferential dry deposition estimates
remain very limited aside from Canada, U.S., Japan, Africa, and
Australia, and even these are incomplete - only addressing sulfur,
some nitrogen species, and limited cation species. Measurements of
gaseous NH3 (principally dry deposited) and of NO2 (principally
associated with dry deposition in urban areas) have been called for
in acid rain programs for decades and are still not in place. Filter-
based measurement methods used today suffer from volatiliza-
tion and absorption artifacts and improved methods are needed. In
some regions (Europe and parts of eastern Asia) little effort has
been made to adapt inferential techniques to estimate dry depo-
sition where high quality atmospheric concentration measure-
ments are available. Finally, the estimation of dry deposition
remains highly uncertain because dry deposition velocities are not
validated by direct flux measurements.

Considerable uncertainty continues to exist concerning mea-
surement methodologies associated with wet deposition of organic
nitrogen compounds and reduced nitrogen (ammonia) fluxes. Es-
timates of these nitrogen compounds are fairly crude and are not a
part of most routine monitoring programs.

Major gaps exist in our understanding of global wet and dry
deposition of phosphorus, and the present state of global phos-
phorus measurement programs is inadequate. Ortho-phosphate is
measured routinely at a few stations in the eastern United States.
Wet and dry deposition of phosphorus has been measured at only
few stations globally. Dry deposition over the oceans has been
estimated here from concentration measurements taken on cruises
but long term measurements are not available. Wet and dry
deposition measurements/estimates are needed for phosphorus on
every continent and ocean.

The use of the global TF HTAP ensemble-mean modeling re-
sults permitted an assessment of total deposition in unmonitored
regions of the world. It must be acknowledged, however, that
there is an inherent uncertainty between gridded model esti-
mates and point concentration and deposition measurements.
The interpretation of intra-grid variability, the influence of local
emission sources, topography, and other local conditions may
make comparison of model grid concentrations with point mea-
surements highly uncertain. In this assessment, scrutiny of
models used in the TF HTAP intercomparison (HTAP, 2010) has
identified important gaps that restrict their application to under-
sampled regions of the globe. Continued model development and
evaluation for all of the chemical compounds discussed in this
assessment is needed.

9.1. Recommendations

A strategic approach to monitoring is required for future im-
provements to global concentration and deposition estimates. This
will require increased spatial coverage of long term wet and dry
deposition measurements of acidifying species, base cations, sea
salt, dust, organic acids and nutrients such as phosphorus in re-
gions of the world that are data sparse, highly sensitive, and/or
affected by changing regional emissions. There is a pressing need
for the atmospheric community to provide large-scale values of wet
and dry deposition of the sum of calcium, magnesium, potassium,
and sodium for the calculation of critical loads, particularly in areas
sensitive to acidity. This will require high quality measurements of
wet deposition coupled with inferential dry deposition of coarse
and fine particles worldwide.

The focus for increased monitoring should be directed towards
regions of strong population growth and industrial development,
areas of high ecosystem sensitivity and intensifying agricultural
activity, and regions where biomass burning is common due to land
clearing or increased wildfire activity. These additional measure-
ments are required to inform combined monitoring/modeling
studies and assess chemical fluxes in a meaningful way.

Long term regionally-representative measurements of all major
ions are necessary to be able to comprehensively assess
measurement-based trends around the globe. As we have seen in
Europe and North America, decades-long high quality data have
contributed to scientific understanding and provided a reality
check on virtually all emission control programs associated with
the management of common air pollutants. These data sets provide
the long term building blocks necessary to address ongoing and
emerging air quality and deposition issues and to determine the
costs associated with mitigation programs.

Emerging and existing measurement programs need to adopt
standardized methods as described in WMO/GAW (2004). This
referencemanual was developed based on acceptedmethodologies
used by all of the major long-established regional monitoring
programs around the globe and represents the collective expert
assessment of acceptable methodologies. It must be noted, how-
ever, that adaptations to the measurement methods are required
for regions without reliable electricity, wherever blowing snow is a
problem, in remote tropical regions where heavy downpours are
common, and inwindy arid regions where large particles dominate.

Emphasis should be placed on understanding organic nitrogen
compounds and ammonia in precipitation to assess their origins
and importance to the global nitrogen budget. Many organic ni-
trogen compounds are unstable and disappear upon collection. This
argues for short measurement periods (e.g., daily sample collec-
tion) coupled with sample preservation, and speciation of these
compounds to determine which are important to ecosystem dy-
namics. Thorough quantification of nitrogen globally will require a
focus on measuring the full suite of important species commonly
found in precipitation, followed by technique development to
collect and quantify these compounds in network precipitation
samples.

Inferential dry deposition models, including the bidirectional
surface exchange of NO2 and NH3, must be improved, evaluated and
applied routinely with the ambient air measurements to estimate
dry deposition fluxes of these species. Also, more accurate gas and
particle measurements are required. In order to eliminate the bia-
ses in the TF HTAP ensemble-mean global estimates of dry and/or
total deposition in Europe and North America, further model
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development and careful evaluation against measured gas con-
centrations and dry deposition are needed. Similarly, there is a need
to resolve the large differences between the inferential dry depo-
sition models of Canada and the United States.

Phosphorus is an important nutrient species and its atmo-
spheric cycling characteristics must be understood and quantified
in regions where it is abundant and environmentally significant.
Measurement programs and research studies must be devised to
quantitatively separate wet and dry deposited phosphorus.
Appropriate treatment of large particles is essential for quantifying
the role of atmospheric deposition in the biogeochemical cycling of
phosphorus.

Deposition of organic acids plays an important role in control-
ling atmospheric acidity in many regions of the world. Deposition
may also be relevant to the understanding of climate, biogeo-
chemical cycling, and ecosystem issues. In order to enhance our
understanding of the impact of wet deposition as a global input of
nutrients, including carbon, wet deposition monitoring networks
must start including measurements of formic and acetic acids and
must rely on established preservation methods to stabilize labile
chemical species. Improved understanding of the role of organic
compounds, principally formic and acetic acids, requires imple-
mentation of measurements worldwide, particularly in relatively
clean regions of the world and areas of North America and Europe
where concentrations of strong mineral acids are decreasing. It is
recommended that monitoring networks around the world begin
to measure bicarbonate and organic acids in areas where concen-
trations of Hþ are less than 5 meq L�1, especially where increases in
pH are observed.

In conclusion, it is apparent that many of the emerging scientific
questions associated with the protection of human and ecosystem
health and the practical considerations associated with pollution
management will, out of necessity, rely on a process that in-
corporates long termmonitoring information augmented by model
information to address gaps. It will not be possible from either a
financial or practical standpoint to measure everything every-
where. It is strongly recommended that these issues be managed
through coordinated efforts within a comprehensive international
framework based upon established methodologies.
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Tuncer, B., Bayar, B., Yeşilyurt, C., Tuncel, G., 2001. Ionic composition of precipitation
at the central Anatolia (Turkey). Atmos. Environ. 35 (34), 5989e6002.

Turk, J.T., Taylor, H.E., Ingersoll, G.P., Tonnessen, K.A., Clow, D.W., Mast, M.A.,
Campbell, D.H., Melack, J.M., 2001. Major-ion chemistry of the Rocky Mountain
snowpack, U.S. Atmos. Environ. 35, 3957e3966.

Tørseth, K., Aas, W., Breivik, K., Fjæraa, A.M., Fiebig, M., Hjellbrekke, A.G., Lund
Myhre, C., Solberg, S., Yttri, K.E., 2012. Introduction to the European Monitoring
and Evaluation Programme (EMEP) and observed atmospheric composition
change during 1972e2009. Atmos. Chem. Phys. 12, 5447e5481. http://
dx.doi.org/10.5194/acp-12-5447-2012.

UNECE, 2004. Mapping Manual 2004. UNECE Convention on Long-range Trans-
boundary Air Pollution, ICP Modelling and Mapping available from: http://wge-
cce.org/Publications/Mapping_Manual.

UNEP, 2000. Global Environment Outlook e 2. United Nations Environmental
Programme, Global State of the Environment Report 2000. Oxford University
Press, New York.

Van Loon, M., Tarrasón, L., Posch, M., 2005. Modelling Base Cations in Europe.
EMEP/MSC-W & CCE Note 2/2005. ISSN: 0804-2446. Norwegian Meteorological
Institute. URL: http://emep.int/publ/reports/2005/emep_technical_2_2005.pdf.

Vestreng, V., Myhre, G., Fagerli, H., Reis, S., Tarrasón, L., 2007. Twenty-five years of
continuous sulphur dioxide emission reduction in Europe. Atmos. Chem. Phys.
7, 3663e3681.

Vestreng, V., Ntziachristos, L., Semb, A., Reis, S., Isaksen, I.S.A., Tarrasón, L., 2009. Evo-
lution of NOx emissions in Europe with focus on road transport control measures.
Atmos. Chem. Phys. 9, 1503e1520. http://dx.doi.org/10.5194/acp-9-1503-2009.

Vet, R.J., 1991. Wet deposition measurement techniques, volume 2, Part F, reactions
and processes. In: Hutzinger, O. (Ed.), The Handbook of Environmental Chem-
istry. Springer-Verlag, Heidelberg, p. 77.

Vet, R., Ro, C.-U., 2008. Contribution of Canada-United States transboundary
transport to wet deposition of sulfur and nitrogen oxides e a mass balance
approach. Atmos. Environ. 42, 2518e2529. http://dx.doi.org/10.1016/
j.atmosenv.2007.12.034.

Vet, R., Brook, J., Ro, C., Shaw, M., Narayan, J., Zhang, L., Moran, M., Lusis, M., 2005.
Chapter 3: atmospheric response to past emission control programs. In: 2004
Canadian Acid Deposition Science Assessment. Environment Canada, Toronto,
Canada. Cat. No. En4e46/2004.

Virkkula, A., Aurela, M., Hillamo, R., Mäkelä, T., Pakkanen, T., Kerminen, V.M.,
Maenhaut, W., François, F., Cafmeyer, J., 1999. Chemical composition of atmo-
spheric aerosol in the European subarctic: contribution of the Kola Peninsula
smelter areas, central Europe, and the Arctic Ocean. J. Geophys. Res. 104 (D19),
23681e23696.

Walker, J.T., Aneja, V.P., Dickey, D.A., 2000. Atmospheric transport and wet depo-
sition of ammonium in North Carolina. Atmos. Environ. 34 (20), 3407e3418.

Wang, Y., McElroy, M.B., Martin, R.V., Streets, D.G., Zhang, Q., Fu, T.-M., 2007. Sea-
sonal variability of NOx emissions over China constrained by satellite observa-
tions: implications for combustion and microbial sources. J. Geophys. Res. 112
(D06301). http://dx.doi.org/10.1029/2006JD007538.

Wang, Z., Xie, F., Sakurai, T., Ueda, H., Han, Z., Carmichael, G.R., Streets, D.,
Engardt, M., Holloway, T., Hayami, H., Kajino, M., Thongboonchoo, N., Bennet, C.,
Park, S.U., Fung, C., Chang, A., Sartelet, K., Amann, M., 2008. MICS-Asia II: model
inter-comparison and evaluation of acid deposition. Atmos. Environ. 42 (15),
3528e3542.

Wang, S.W., Zhang, Q., Streets, D.G., He, K.B., Martin, R.V., Lamsal, L.N., Chen, D.,
Lei, Y., Lu, Z., 2012. Growth in NOx emissions from power plants in China:
bottom-up estimates and satellite observations. Atmos. Chem. Phys. 12, 4429e
4447. http://dx.doi.org/10.5194/acp-12-4429-2012.

Wesely, M.L., Hicks, B.B., 2000. A review of the current status of knowledge on dry
deposition. Atmos. Environ. 34 (12e14), 2261e2282.

WGE, 2011. 30 years of Effects Research, Monitoring and Modelling under the
Convention on Long-range Transboundary Air Pollution. Working Group on
Effects (WGE), Federal Environment Agency (UBA), Dessau, Germany, p. 17.

Whelpdale, D.M., Kaiser, M.S. (Eds.), 1996. Global Acid Deposition Assessment.
World Meteorological Organization/Global Atmosphere Watch, No. 106.

Whitfield, C.J., Aherne, J., Watmough, S.A., McDonald, M., 2010. Estimating the sensi-
tivity of forest soils to acid deposition in the Athabasca Oil Sands Region, Alberta.
J. Limnol. 69 (Suppl. 1), 201e208. http://dx.doi.org/10.3274/JL10-69-S1-20.

Willey, J.D., Kieber, R.J., Avery Jr., G.B., 2006. Changing chemical composition of
precipitation in Wilmington, North Carolina, U.S.A.: implications for the con-
tinental U.S.A. Environ. Sci. Technol. 40 (18), 5675e5680.

Williams, M.R., Fisher, T.R., Melack, J.M., 1997. Chemical composition and deposition
of rain in the central Amazon, Brazil. Atmos. Environ. 31, 207e217.

http://dx.doi.org/10.1029/2006JD007843
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref331
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref331
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref331
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref332
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref332
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref332
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref332
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref332
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref333
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref333
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref333
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref333
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref334
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref334
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref334
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref334
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref335
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref335
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref335
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref335
http://dx.doi.org/10.1016/j.agee.2009.05.018
http://dx.doi.org/10.5194/acp-11-1101-2011
http://dx.doi.org/10.1029/2010JD014713
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref339
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref339
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref339
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref339
http://dx.doi.org/10.1029/2005JD006338
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref341
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref341
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref341
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref341
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref342
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref342
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref342
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref342
http://dx.doi.org/10.1016/j.quaint.2008.10.007
http://dx.doi.org/10.1016/j.quaint.2008.10.007
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref344
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref344
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref344
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref345
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref345
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref345
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref345
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref346
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref346
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref346
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref346
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref347
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref347
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref347
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref347
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref348
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref348
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref348
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref349
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref349
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref349
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref349
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref350
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref350
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref350
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref350
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref351
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref351
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref351
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref351
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref351
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref351
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref39
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref39
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref39
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref39
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref352
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref352
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref352
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref352
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref352
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref353
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref353
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref353
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref353
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref354
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref354
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref354
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref354
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref354
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref355
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref355
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref355
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref355
http://dx.doi.org/10.5194/acp-11-10367-2011
http://dx.doi.org/10.5194/acp-11-10367-2011
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref357
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref357
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref357
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref357
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref358
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref358
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref358
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref358
http://dx.doi.org/10.5194/acp-12-5447-2012
http://dx.doi.org/10.5194/acp-12-5447-2012
http://wge-cce.org/Publications/Mapping_Manual
http://wge-cce.org/Publications/Mapping_Manual
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref361
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref361
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref361
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref361
http://emep.int/publ/reports/2005/emep_technical_2_2005.pdf
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref363
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref363
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref363
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref363
http://dx.doi.org/10.5194/acp-9-1503-2009
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref365
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref365
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref365
http://dx.doi.org/10.1016/j.atmosenv.2007.12.034
http://dx.doi.org/10.1016/j.atmosenv.2007.12.034
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref367
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref367
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref367
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref367
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref367
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref368
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref368
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref368
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref368
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref368
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref368
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref369
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref369
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref369
http://dx.doi.org/10.1029/2006JD007538
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref371
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref371
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref371
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref371
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref371
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref371
http://dx.doi.org/10.5194/acp-12-4429-2012
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref373
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref373
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref373
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref373
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref374
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref374
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref374
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref375
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref375
http://dx.doi.org/10.3274/JL10-69-S1-20
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref377
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref377
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref377
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref377
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref378
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref378
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref378


R. Vet et al. / Atmospheric Environment 93 (2014) 3e100100
WMO/GAW, 2004. Manual for the GAW Precipitation Chemistry Programme:
Guidelines, Data Quality Objectives and Standard Operating Procedures. No.
160. World Meteorological Organization/Global Atmosphere Watch, Geneva,
Switzerland.

WMO/GAW, 2007. World Meteorological Organization (WMO) Global Atmosphere
Watch (GAW) Strategic Plan: 2008e2015. In: A Contribution to the Imple-
mentation of the WMO Strategic Plan: 2008e2011. World Meteorological Or-
ganization, Geneva, Switzerland. GAW Report No. 172, available from: http://
www.wmo.int/pages/prog/arep/gaw/gaw_home_en.html.

Yang, Y., Yu, W., Pan, Y., Wu, D., 2012. Acid neutralization of precipitation in
Northern China. J. Air Waste Manag. Assoc. 62, 204e211.

Yao, H., McConnell, C., Paterson, A., 2010. Personal Communication. Ontario Min-
istry of the Environment, Dorset Experimental Science Centre, Dorset, Ontario,
Canada website: http://www.ene.gov.on.ca/en/index.php.

Yoboué, V., Galy-Lacaux, C., Lacaux, J.P., Silué, S., 2005. Rainwater chemistry and wet
deposition over the wet savanna ecosystem of Lamto (Côte d’Ivoire). J. Atmos.
Chem. 52 (2), 117e141.

Zbieranowski, A.L., Aherne, J., 2011. Long-term trends in atmospheric reactive ni-
trogen across Canada: 1988e2007. Atmos. Environ. 45 (32), 5853e5862.

Zhang, L., Brook, J., Vet, R., Shaw, M., Finkelstein, P., 2001. Evaluation and
improvement of a dry deposition model using SO2 and O3 measurements over a
mixed forest. Water Air Soil Pollut. Focus 1, 67e78.

Zhang, D.D., Peart, M., Jim, C.Y., He, Y.Q., Li, B.S., Chen, J.A., 2003. Precipitation
chemistry of Lhasa and other remote towns, Tibet. Atmos. Environ. 37 (2), 231e
240.

Zhang, L., Brook, J.R., Vet, R., Wiebe, A., Mihele, C., Shaw, M., O’Brien, J.M., Iqbal, S.,
2005. Estimation of the contributions of NO2 and PAN to total atmospheric
deposition of oxidized nitrogen across eastern Canada. Atmos. Environ. 39,
7030e7043.

Zhang, G., Zhang, J., Liu, S., 2007. Characterization of nutrients in the atmospheric
wet and dry deposition observed at the two monitoring sites over the Yellow
Sea and East China Sea. J. Atmos. Chem. 57, 41e57.

Zhang, Q., Streets, D.G., He, K., Wang, Y., Richter, A., Burrows, J.P., Uno, I., Jang, C.J.,
Chen, D., Yao, Z., Lei, Y., 2007. NOx emission trends for China, 1995e2004: the
view from the ground and the view from space. J. Geophys. Res. 112 (D22306).
http://dx.doi.org/10.1029/2007JD008684.
Zhang, L., Vet, R., O’Brien, J.M., Mihele, C., Liang, Z., Wiebe, A., 2009. Dry deposition
of individual nitrogen species at eight Canadian rural sites. J. Geophys. Res. 114
(D02301). http://dx.doi.org/10.1029/2008JD010640.

Zhang, N., He, Y., Cao, J., Ho, K., Shen, Z., 2012. Long-term trends in chemical
composition of precipitation at Lijiang, southeast Tibetan Plateau, southwestern
China. Atmos. Res.. ISSN: 0169-8095 106, 50e60. http://dx.doi.org/10.1016/
j.atmosres.2011.11.006.

Zhao,Y.,Duan, L., Xing, J., Larssen, T.,Nielsen, C.P.,Hao, J., 2009. Soil acidification inChina:
is controlling SO2 emissions enough? Environ. Sci. Technol. 43 (21), 8021e8026.

Zhong, Z.C., Victor, T., Balasubramanian, R., 2001. Measurement of major organic
acids in rainwater in Southeast Asia during burning and non-burning periods.
Water Air Soil Pollut. 130 (1e4 II), 457e462.

Zhu, R., Glindemann, B.D., Kong, D.M., Sun, L.G., Geng, J.J., Wang, X.R., 2007. Phos-
phine in the marine atmosphere along a hemispheric course from China to
Antarctica. Atmos. Environ. 41 (7), 1567e1573.

Zimmermann, F., Plessow, K., Queck, R., Bernhofer, C., Matschullat, J., 2006. Atmo-
spheric N- and S-fluxes to a spruce forest e comparison of inferential modelling
and the throughfall method. Atmos. Environ.. ISSN: 1352-2310 40 (25), 4782e
4796. http://dx.doi.org/10.1016/j.atmosenv.2006.03.056.

Zunckel, M., Saizarb, C., Zarauz, J., 2003. Rainwater composition in northeast
Uruguay. Atmos. Environ. 37, 1601e1611. http://dx.doi.org/10.1016/S1352-
2310(03)00007-4.

Further reading

Gillett, R.W., Keywood, M.D., Selleck, P.W., Boast, K.M., 2007. Precipitation chem-
istry. In: Cainey, J.M., Derek, N., Krummel, P.B. (Eds.). Baseline Atmospheric
Program (Australia) 2005–2006, Australian Bureau of Meteorology and CSIRO
Marine and Atmospheric Research, Melbourne, pp. 95e96.

Gillett, R.W., Selleck, P.W., Powell, J.C., 2012. An acid deposition study in a remote
area of north Western Australia. Air Qual. Clim. Chang. 46, 28e34.

Ryaboshapko, A.G., Gromov, S.A. (Eds.), 1999. Expert Meeting on Chemistry of
Aerosols, Clouds and Atmospheric Precipitation in the Former USSR, Saint
Petersburg, Russian Federation, 13e15 November, 1995. World Meteorological
Organization /GAW Report 116, Geneva, Switzerland.

http://refhub.elsevier.com/S1352-2310(13)00813-3/sref379
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref379
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref379
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref379
http://www.wmo.int/pages/prog/arep/gaw/gaw_home_en.html
http://www.wmo.int/pages/prog/arep/gaw/gaw_home_en.html
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref381
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref381
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref381
http://www.ene.gov.on.ca/en/index.php
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref383
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref383
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref383
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref383
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref384
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref384
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref384
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref384
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref385
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref385
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref385
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref385
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref385
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref385
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref386
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref386
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref386
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref387
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref387
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref387
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref387
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref387
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref387
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref388
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref388
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref388
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref388
http://dx.doi.org/10.1029/2007JD008684
http://dx.doi.org/10.1029/2008JD010640
http://dx.doi.org/10.1016/j.atmosres.2011.11.006
http://dx.doi.org/10.1016/j.atmosres.2011.11.006
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref393
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref393
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref393
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref393
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref394
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref394
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref394
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref394
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref394
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref395
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref395
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref395
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref395
http://dx.doi.org/10.1016/j.atmosenv.2006.03.056
http://dx.doi.org/10.1016/S1352-2310(03)00007-4
http://dx.doi.org/10.1016/S1352-2310(03)00007-4
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref405
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref405
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref405
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref405
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref405
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref406
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref406
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref406
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref407
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref407
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref407
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref407
http://refhub.elsevier.com/S1352-2310(13)00813-3/sref407

	A global assessment of precipitation chemistry and deposition of sulfur, nitrogen, sea salt, base cations, organic acids, a ...
	1 Introduction
	2 Measurements, models and maps
	2.1 Wet deposition measurement data
	2.2 Dry deposition
	2.3 Total deposition
	2.4 Global modeling, mapping and mass budget calculations

	3 Sulfur
	3.1 Global and regional emissions of S
	3.2 Global S in precipitation and wet deposition
	3.3 Global dry deposition of S
	3.4 Global total deposition of S
	3.5 Area-integrated emissions and deposition of S
	3.6 Regional aspects of S deposition
	3.6.1 North America
	3.6.1.1 Precipitation-weighted mean concentrations and wet deposition of S
	3.6.1.2 Dry deposition of S
	3.6.1.3 Total deposition of S
	3.6.1.4 Changes in S deposition over time due to changing SO2 emissions

	3.6.2 South America
	3.6.2.1 Precipitation-weighted mean concentrations and wet deposition of S
	3.6.2.2 Dry deposition of S
	3.6.2.3 Total deposition of S

	3.6.3 Europe
	3.6.3.1 Precipitation-weighted mean concentrations and wet deposition of S
	3.6.3.2 Dry deposition of S
	3.6.3.3 Total deposition of S
	3.6.3.4 Changes in nssS deposition over time due to SO2 emission changes

	3.6.4 Africa
	3.6.4.1 Precipitation-weighted mean concentrations and wet deposition of S
	3.6.4.2 Dry deposition of S
	3.6.4.3 Total deposition of S
	3.6.4.4 Changes to S deposition over time due to changing SO2 emissions

	3.6.5 Asia
	3.6.5.1 Precipitation-weighted mean concentrations and wet deposition of S
	3.6.5.2 Dry deposition of S
	3.6.5.3 Total deposition
	3.6.5.4 Changes in S deposition over time due to changing SO2 emissions

	3.6.6 Oceania
	3.6.6.1 Precipitation-weighted mean concentrations and wet deposition of S
	3.6.6.2 Dry deposition of S
	3.6.6.3 Total deposition of S


	3.7 Summary, gaps and uncertainties

	4 Nitrogen
	4.1 Global and regional emissions of NOx–N and NH3–N
	4.2 Global N in precipitation and wet deposition
	4.3 Global dry deposition of N
	4.4 Global total deposition of N
	4.5 Area-integrated emissions and deposition of N
	4.6 Regional aspects of N deposition
	4.6.1 North America
	4.6.1.1 Precipitation-weighted mean concentrations and wet deposition of N
	4.6.1.2 Dry deposition of N
	4.6.1.3 Total deposition of N
	4.6.1.4 Wet deposition changes in the 2000s

	4.6.2 South America
	4.6.2.1 Precipitation-weighted mean concentrations and wet deposition of N
	4.6.2.2 Dry deposition of N
	4.6.2.3 Total deposition of N

	4.6.3 Europe
	4.6.3.1 Precipitation-weighted mean concentrations and wet deposition of N
	4.6.3.2 Dry deposition of N
	4.6.3.3 Total deposition of N
	4.6.3.4 Temporal changes to N deposition

	4.6.4 Africa
	4.6.4.1 Precipitation- weighted mean concentrations and wet deposition of N
	4.6.4.2 Dry deposition of N
	4.6.4.3 Total deposition of N

	4.6.5 Asia
	4.6.5.1 Precipitation-weighted mean concentrations and wet deposition of N
	4.6.5.2 Dry deposition of N
	4.6.5.3 Total deposition of N

	4.6.6 Oceania
	4.6.6.1 Precipitation-weighted mean concentrations and wet deposition of N
	4.6.6.2 Dry deposition of N
	4.6.6.3 Total deposition of N


	4.7 Summary, gaps and uncertainties

	5 Sea salt and base cations
	5.1 Global deposition of sea salt
	5.2 Base cations in atmospheric deposition
	5.2.1 Summary, gaps and uncertainties


	6 Organic acids
	6.1 Sources of organic acids in the atmosphere
	6.2 Measured global patterns of organic ion concentrations
	6.3 Regional aspects of organic acid concentrations in precipitation
	6.4 Wet deposition of carbon from formate and acetate organic acids
	6.5 Summary, uncertainties and gaps

	7 Acidity and pH
	7.1 Global patterns of pH and H+ wet deposition
	7.2 Temporal changes to pH and H+ wet deposition
	7.3 Estimating global H+ concentrations

	8 Phosphorus
	8.1 Global/regional perspective on sources of phosphorus
	8.2 Simulated global patterns of phosphorus concentrations and deposition
	8.3 Measured global patterns of the wet deposition of phosphorus
	8.3.1 Dissolved phosphorus
	8.3.2 Total phosphorus

	8.4 Airborne concentrations of phosphorus
	8.4.1 Soluble aerosol phosphorus
	8.4.2 Aerosol total phosphorus

	8.5 Calculated dry deposition of phosphorus
	8.6 Summary, uncertainties and gaps

	9 Conclusions
	9.1 Recommendations

	Acknowledgments
	Addendum
	References
	Further reading


