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[11 Global simulations of sulfate, nitrate, and ammonium aerosols are performed for the
present day and 2050 using the chemical transport model GEOS-Chem. Changes in
climate and emissions projected by the IPCC A1B scenario are imposed separately and
together, with the primary focus of the work on future inorganic aerosol levels over the
United States. Climate change alone is predicted to lead to decreases in levels of sulfate
and ammonium in the southeast U.S. but increases in the Midwest and northeast U.S.
Nitrate concentrations are projected to decrease across the U.S. as a result of climate
change alone. In the U.S., climate change alone can cause changes in annually averaged
sulfate-nitrate-ammonium of up to 0.61 pg/m>, with seasonal changes often being much
larger in magnitude. When changes in anthropogenic emissions are considered (with or
without changes in climate), domestic sulfate concentrations are projected to decrease
because of sulfur dioxide emission reductions, and nitrate concentrations are predicted to
generally increase because of higher ammonia emissions combined with decreases in
sulfate despite reductions in emissions of nitrogen oxides. The ammonium burden is
projected to increase from 0.24 to 0.36 Tg, and the sulfate burden to increase from 0.28 to
0.40 Tg S as a result of globally higher ammonia and sulfate emissions in the future. The
global nitrate burden is predicted to remain essentially constant at 0.35 Tg, with
changes in both emissions and climate as a result of the competing effects of higher

precursor emissions and increased temperature.
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1. Introduction

[2] Particulate matter is an important constituent of the
atmosphere responsible for negative health impacts [e.g.,
Dockery et al., 1993], reductions in visibility, and changes in
climate [Intergovernmental Panel on Climate Change
(IPCC), 2007]. Atmospheric concentrations of aerosols will
change in the future as climate and aerosol precursor emis-
sions change. Nitrate (NO3), ammonium (NH}), and sulfate
(SO37) are significant constituents of particulate matter
(PM), forming mainly from gas-phase precursors.
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[3] In the absence of changes in aerosol precursor emis-
sions, changes in climate alone will influence future aerosol
levels. For example, alterations in wind speed, precipitation,
and boundary layer height can translate into changes in
stagnation and ventilation [Leung and Gustafson, 2005].
Mickley et al. [2004] showed that a decrease in the number
of cyclones tracking over southern Canada has important
implications for increased stagnation in the Midwest and
northeast U.S. during summer. Dawson et al. [2007] dem-
onstrated that perturbations to present-day temperature,
wind speed, absolute humidity, mixing height, and precip-
itation can all significantly affect PM, s (particulate matter
with diameter <2.5 um).

[4] Surface temperatures are generally projected to be
higher in the future with particularly strong warming over
continents [/PCC, 2007]. Temperature influences PM; 5
concentrations through its effect on precursor emissions
rates, chemical reaction rates, and gas-aerosol partitioning
of semi-volatile species. For example, increasing tempera-
ture can lead to a reduction in nitrate aerosol mass as a result
of ammonium and nitrate partitioning to the gas-phase
[Dawson et al., 2007]. Changes in gas-aerosol partitioning
of nitrate/nitric acid will also affect total nitrate (nitrate
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aerosol and nitric acid) as a result of the different wet and
dry deposition rates of the two species [Aw and Kleeman,
2003]. In contrast, higher temperatures can result in in-
creased gas-phase reaction rates and oxidant concentrations,
which can lead to higher sulfate concentrations [Dawson et
al., 2007; Liao et al., 2006; Rae et al., 2007]. Jacob and
Winner [2009] present a review of studies examining the
effect of changes in climate on ozone and PM.

[5] Future PM concentrations in the U.S. will be influ-
enced not only by changes in domestic emissions but by
changes in other regions as well. Transpacific transport of
Asian pollution has been shown to contribute to sulfate in
the U.S. [Benkovitz et al., 2006; Heald et al., 2006; Park et
al., 2006; Chin et al., 2007; Koch et al., 2007; Liu et al.,
2008], and the preferential export of sulfur dioxide (SO,)
from Asia over ammonia/ammonium leads to slight
decreases in U.S. nitrate [Park et al., 2004].

[6] This study is a companion study to the work of Wu et
al. [2008], which investigated the effects of projected
climate and emissions changes on tropospheric ozone. This
work investigates the potential effects of projected climate
and emission changes on sulfate-nitrate-ammonium aerosol
levels, with a focus on the United States. Future climate, for
year 2050, is simulated with the Goddard Institute for
Space Studies (GISS) general circulation model (GCM)
version Il [Rind et al., 2007]. IPCC emission scenario
A1B [Nakicenovic and Swart, 2000] is adopted. Eventually,
multiple emissions scenarios will be tested with the GISS/
GEOS-Chem framework. Warming under A1B is generally
predicted to be more pronounced than under B1 and less
pronounced than under A2 since A 1B represents rapid growth
with balanced energy use. However, for year 2050, A1B was
found to have the highest multi-model mean surface warming
(compared to B1 and A2) in the IPCC Fourth Assessment
Report [/PCC, 2007].

[7]1 The global meteorological fields from the GISS
model provide the conditions for input into the atmospheric
chemical transport model GEOS-Chem for both present
day (1999-2001) and years 2049—2050. Effects of cli-
mate change alone, emission changes alone, and both
climate and emissions changes in concert on sulfate-
nitrate-ammonium levels are simulated. While the focus
is on a specific future emission scenario, the mechanistic
understanding of the magnitudes and directions of the
projected changes will allow for extrapolation of the effects
to other potential emissions scenarios such as mitigation
strategies for air quality attainment. Because of the nonlin-
ear nature of secondary inorganic aerosol formation, partic-
ularly for nitrate, the change in sulfate concentrations due to
changes in sulfur dioxide emissions is likely to be the most
robust and generally applicable sensitivity.

[8] Secondary organic aerosol (SOA) is another important
component of atmospheric aerosols and should be included
in an examination of PM, 5. GEOS-Chem currently has the
capability to treat SOA from biogenics [Chung and Seinfeld,
2002; Henze and Seinfeld, 2006] and aromatics [Henze et
al., 2008a]. Studies indicate the amount of SOA predicted
by models severely underestimates the actual amount pres-
ent in the atmosphere [de Gouw et al., 2005, 2008; Heald
et al., 2005; Volkamer et al., 2006]. The treatment of SOA
will be part of a future work that focuses on improving the
underlying SOA model in addition to examining the effects
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of changes in climate and emissions on future organic
aerosol levels.

[o] The methods and model setup used to examine
sulfate, nitrate, and ammonium aerosols are discussed in
section 2 followed by present-day predictions of those
aerosols (section 3). Section 4 presents predictions for
future inorganic aerosol levels over the U.S. due to changes
in climate alone, emission changes alone, and combined
climate and emission changes. Global budgets for the
present day and future can be found in section 5, and
section 6 discusses some implications of changes in climate
and emissions for sulfur outflow from the U.S.

2. Methods
2.1. GEOS-Chem/GISS Model Setup

[10] The atmospheric chemical transport model, GEOS-
Chem v.7-4-11 (http://www-as.harvard.edu/chemistry/trop/
geos), is employed with GISS GCM 111 [Rind et al., 2007]
meteorological data. The models use 23 hybrid sigma-
pressure levels with the lowest layers extending up to
200, 500, and 900 m for a surface pressure of 1010 hPa.
A comparison of present-day GISS Model E (similar to
Model III) predictions of precipitation, specific humidity,
temperature, and other meteorological variables to observa-
tions can be found in the work of Scimidt et al. [2006], and
Rind et al. [2007] compare Model E and Model III mete-
orology using several tracers. The analysis of Rind et al.
[2007] includes the use of a radon tracer as a diagnostic of
precipitation. The interface between GEOS-Chem and the
GISS meteorological fields is described by Wu et al. [2007],
and the same meteorology as used in the work of Wu et al.
[2008] is used here. Present-day meteorological conditions
in the GISS GCM are simulated with greenhouse gas levels
corresponding to years 1999-2001. Year 2049-2051 cli-
mate is obtained from a dynamic GCM simulation in which
CO, and other greenhouse gases follow the IPCC A1B
scenario. Although changes in aerosols and ozone could have
significant influences on climate by the end of the 21st century
[Levy et al., 2008], those effects are not considered here in the
GISS simulations. CO, is calculated to reach 522 ppm by
2050. The GISS GCM yields a global mean surface temper-
ature increase of 1.6 K and an increase of 8% in annual mean
precipitation for 20002050 [Wu et al., 2008].

[11] The GEOS-Chem simulations use a global resolution
of 4° latitude by 5° longitude with 23 vertical layers and
include coupled ozone-NO,-hydrocarbon and aerosol chem-
istry [Bey et al., 2001; Park et al., 2004; Liao et al., 2007]
with all tracers listed by Liao et al. [2007]. Changes in
ozone and aerosol precursor emissions are considered for
both present-day and future (2050) scenarios. SO, is both
directly emitted and produced by atmospheric oxidation of
dimethyl sulfide (DMS); SO, reacts in either gas or aqueous
phases to form sulfate. A minor sulfate formation pathway
on fine sea salt aerosol as a result of SO, reacting with
ozone is also considered [Alexander et al., 2005]. The
global burden of sulfate on coarse sea salt aerosol is
expected to be small and its lifetime short [Alexander et
al., 2005], so the production of sulfate on coarse sea salt is
neglected in the analysis. Ammonium nitrate aerosol forms
from gas-aerosol partitioning of ammonia and nitric acid
[Seinfeld and Pandis, 2006]. Ammonia is emitted directly
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Table 1. Present-Day and 2050 Predicted (IPCC A1B Scenario)
Emissions of Aerosol Precursors

Global Us.?
Species 2000 2050 2000 2050
NO, (Tg N/yr)
Aircraft 0.5 0.5 0.11 0.11
Anthropogenic 23.7 47.9 6.11 3.88
Biomass burning 6.5 8.1 0.05 0.08
Biofuel 22 2.1 0.01 0.01
Fertilizer 0.5 0.9 0.05 0.06
NH; (Tg N/yr)
Anthropogenic 333 50.5 2.11 3.31
Biomass burning 5.9 6.1 0.05 0.05
Biofuel 1.6 1.7 0.18 0.16
Natural 14.2 14.2 0.58 0.58
SO, (Tg S/yr)
Aircraft 0.1 0.1 0.02 0.02
Anthropogenic 61.2 81.8 9.24 2.35
Biomass burning 1.2 2.0 0.01 0.03
Biofuel 0.3 0.3 <0.01 <0.01
Volcanoes 5.5 5.5 0.07 0.07
Ships 4.2 5.4 - -
S04~ (Tg Siyr)
Anthropogenic 2.0 2.6 0.16 0.04

“U.S. emissions for the contiguous states only.

and does not participate in gas-phase chemistry, although it
is removed by wet and dry deposition. Nitric acid is formed
from gas-phase nitrogen oxides (NO,), which are mostly of
anthropogenic origin but have important natural sources,
including lightning and soils. In addition to its daytime
photooxidation source, nitric acid (HNO3) is produced in
heterogeneous nighttime reactions involving N,Os, NOs,
and NO, [Jacob, 2000; Martin et al., 2003; Evans and
Jacob, 2005]. In addition to these heterogeneous reactions,
aerosols may influence the gas phase by modifying photol-
ysis rates [Martin et al., 2003]. Nitric acid, sulfate, nitrate,
and ammonium are assumed to be completely soluble in the
cloud condensate phase in convective updrafts and rainout
and washout. The representation of dry deposition follows a
resistance in series scheme [Wesely, 1989], with the surface
resistances for sulfate, nitrate, and ammonium aerosols
following the work of Zhang et al. [2001].

2.2. Emissions

[12] Present-day emissions of ozone and aerosol precur-
sors in GEOS-Chem generally follow Wu et al. [2007] with
fossil fuel emissions outside the U.S. updated to 1998. The
present-day ammonia emission inventory is based on the
work of Bouwman et al. [1997], as implemented by Park et
al. [2004]. Most ammonia is anthropogenic in origin and
results from domesticated animals and agricultural opera-
tions [Park et al., 2004]. Ammonia emissions are not
calculated on-line as a function of temperature in this
model, but do have an imposed seasonality that was
determined as a function of temperature for one base year
[Park et al., 2004]. Sulfur emission sources from the Global
Emission Inventory Activity (GEIA) are also described by
Park et al. [2004] and now include emissions from ships
[Corbett et al., 1999]. Bey et al. [2001] and references
therein provide information on the anthropogenic NO,
emission inventories. Present-day methane levels in the
model are based on observations and are set to 1750 ppb
with a 5% inter-hemispheric gradient [Wu et al., 2008].
Future emissions follow the Integrated Model to Assess the
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Greenhouse Effect IMAGE) model for IPCC scenario A1B
[Streets et al., 2004] and are implemented using prescribed
growth factors for different regions, species, and sources.
Table 1 shows anthropogenic emissions for the present day
and year 2050 (following IPCC A1B). The future (2049—
2051) methane level in GEOS-Chem is set to 2400 ppb for
simulations in which changes in anthropogenic emissions
are considered.

[13] Natural emissions of DMS, NO, from lightning and
soils, sea salt, and biogenic hydrocarbons depend on mete-
orology and are computed online in the model. Natural
emissions predicted for both the present-day and future
climate are given in Table 2. DMS emissions [Saltzman et
al., 1993; Nightingale et al., 2000] are treated as a function
of wind speed, and present-day climatological sea surface
temperatures and DMS ocean concentrations are used.
Lightning NO, emissions are parameterized based on con-
vective cloud-top height [Price and Rind, 1992; Wang et al.,
1998] and are distributed according to Pickering et al.
[1998]. Lightning NO, emissions are scaled to produce
4.8 Tg N for year 2000. Soil NO, emissions are calculated
as described by Wang et al. [1998] considering changes in
temperature, wind speed, and precipitation [Yienger and
Levy, 1995]. Sea salt is emitted in both fine and coarse sizes
as a function of wind speed [Alexander et al., 2005;
Monahan et al., 1986]. Biogenic hydrocarbon emissions
include those from isoprene [Guenther et al., 1995], mono-
terpenes [Guenther et al., 1995], acetone [Jacob et al.,
2002], and other alkenes (scaled to isoprene). Because of
the relatively coarse resolution of surface wind speed and
the particularly strong dependence of dust emissions on
wind speed, emissions of dust are not included. Changes in
land use and biomass burning due to climate change are also
not considered.

2.3. Inorganic Aerosol Model

[14] ISORROPIA 1T [Fountoukis and Nenes, 2007] is
implemented in GEOS-Chem to compute gas-aerosol equi-
librium partitioning of nitric acid and ammonia. Particles in
this study are not size-resolved; however, they can be
generally assumed to represent PM, 5 since formation of
sulfate-nitrate-ammonium on coarse mode sea salt and dust
is excluded. Submicrometer-sized particles are likely to
reach gas-aerosol equilibrium on time-scales less than the
1 hour computational time step used here [Meng and
Seinfeld, 1996].

[15] Sodium and chloride from accumulation mode sea
salt are considered in the gas-aerosol equilibrium along with

Table 2. Predicted Changes in Natural Emissions Due to
Predicted Climate Change (IPCC A1B Scenario)

Global U.s.?

Species 2000 2050 2000 2050

DMS (Tg S/yr) 16.0 16.0 - -
NO, (Tg N/yr)

Lightning 4.7 5.6 0.08 0.09

Soil 5.9 6.4 0.36 0.40
Sea salt (Tg/yr)

Accumulation 71.5 72.5 - -

Coarse 5322.0 53953 - -

Biogenic HCs® (Tg C/yr) 631.9 778.2 42.37 52.06

*U.S. emissions for the contiguous states only.
bIsoprene, monoterpenes, acetone, and other alkenes.
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Figure 1. Present-day (year 1999-2001 meteorology and emissions) predictions of surface-level

sulfate, nitrate, and ammonium aerosols for the United States. Each of the first four rows is a seasonal
average (DJF, MAM, JJA, and SON), and the bottom row is the annual average over 3 years.

sulfate, nitrate, and ammonium. Calcium, magnesium, and
potassium concentrations are not considered in the present
study because of the issues with dust emissions previously
mentioned. All inorganic aerosols are assumed to exist on the
upper, metastable branch of the hygroscopic hysterisis curve.
Although this assumption may not hold at higher altitudes in
the free troposphere [Wang et al., 2008], since the focus of
this study is mainly on surface-level concentrations, where
humidities reach high values on a daily basis, the metastable
assumption is acceptable.

3. Present-Day Predictions
3.1. Sulfate

[16] Present-day sulfate concentrations across the United
States vary seasonally (Figure 1), as governed by changes in
photochemistry and wet removal with influences from
transport. SO, emissions exhibit little seasonality with the
highest emissions in the eastern United States. Sulfate
concentrations are lowest in December—January —February
(DJF) when oxidants/photochemistry are lowest. In March—
April-May (MAM), higher levels of photochemistry lead to

enhanced levels of sulfate compared to those in DJF, but
increased precipitation and transport keeps sulfate concen-
trations at moderate levels. In-cloud sulfate production near
the surface via reaction with H,O, is highest in MAM
because of slightly more cloud cover than in JJA, but
aqueous production is still significantly less than production
from gas-phase OH reaction. The most active photochem-
istry occurs during June—July—August (JJA), the season
when precipitation is particularly intense in the Southeast
for the meteorology used here. As a result, sulfate concen-
trations are significant but tend to be more localized than in
MAM. September—October—November (SON) is charac-
terized by intermediate, but still significant, oxidant levels.
While production rates of sulfate in MAM and SON are
similar, as a result of low precipitation, sulfate concentra-
tions are actually higher in SON than JJA or MAM for some
locations like the Southeast.

3.2. Nitrate

[17] Anthropogenic NO, emissions, like anthropogenic
SO,, exhibit little seasonal variation and are highest in the
eastern United States. Soil NO, emissions peak in JJA over
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the middle of the United States. Soil NO, is potentially
more important in the western United States where anthro-
pogenic NO, emissions are lower.

[18] Nitrate aerosol concentrations (Figure 1) can be
explained by the combined effects of temperature, precip-
itation, and photochemistry. Oxidant levels and wet depo-
sition determine the amount of total nitrate (HNO5; + NO3)
available. Since HNOj; undergoes efficient dry deposition
when compared to that for particles, gas-aerosol partitioning
also influences total nitrate levels. Maximum predicted
nitrate aerosol surface concentrations in the United States
lie north and west of the main anthropogenic NO, source
region in the Northeast, reflecting the role of ammonia
emissions in the Midwest. As a result, nitrate formation in
the Midwest tends to be nitric acid-limited [Park et al., 2004]
as diagnosed by the gas ratio [Ansari and Pandis, 1998]
which is the free ammonia ([NH5] + [NH4] — 2 x [SO3 7))
divided by total nitrate ((HNO3] + [NOj3 ]) expressed in molar
concentration units. The Northeast tends to be ammonia-
limited because of higher sulfate concentrations and lower
ammonia emissions.

[19] The highest nitrate aerosol (NOj3') concentrations are
predicted to occur in winter because of low temperatures
and low sulfate concentrations. Total (gas + aerosol) nitrate
is high in JJA, but both high temperatures and precipitation
lead to the lowest nitrate aerosol concentrations in this
season. Like MAM, SON is characterized by both interme-
diate photochemistry and temperatures. Because precipita-
tion in SON is relatively low, which reduces loss of total
nitrate by wet deposition, SON nitrate aerosol concentra-
tions are significant but not as high as those in DJF.

3.3. Ammonium

[20] Unlike NO, and SO,, anthropogenic ammonia emis-
sions, mostly from domesticated animals and fertilizer use,
exhibit pronounced seasonality with the highest and lowest
emissions occurring in JJA and DIJF, respectively. NHj
emissions from sources such as crops and soils are also
largest in JJA and smallest in DJF. Spatially, emissions are
highest in the eastern U.S., but also significant in the West.
Ammonium aerosol concentrations (Figure 1) follow those of
sulfate and nitrate, with which they are chemically linked.

3.4. Comparison to Measurements

[21] To evaluate the predictions of present-day concen-
trations of sulfate, nitrate, and ammonium, simulations are
compared to the Clean Air Status and Trends Network
(CASTNET, http://www.epa.gov/castnet/) measurements
(Figure 2). CASTNET provides concentrations of sulfate,
nitrate, nitric acid, and ammonium as well as estimates of
dry deposition velocities and fluxes. While some GEOS-
Chem grid cells do not contain any CASTNET sites, a
number of grid cells have 5 or more CASTNET sites each
over the eastern United States. Seasonal CASTNET aver-
ages are created from monthly data from years 1998—-2001
to represent a climatological mean. For the purposes of
analysis, an arbitrary division between eastern and western
United States is made at 92.5°W longitude which runs from
Minnesota to Louisiana. The Interagency Monitoring of
Protected Visual Environments (IMPROVE) network also
provides sulfate and nitrate concentration measurements,
and Liao et al. [2007] present a comparison of sulfate
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concentrations predicted by GEOS-Chem to IMPROVE
observations. CASTNET measurements are chosen here
for comparison because of their more complete spatial
coverage over the eastern U. S. where the highest sulfate
and nitrate aerosol concentrations occur.

[22] Inorganic aerosol concentrations are generally under-
predicted over the entire United States. However, nitrate is
typically over-predicted in the eastern U.S. (e.g., JJA). The
normalized mean bias for the entire U.S. (NMB = Zf\il (P;—
0/ Zﬁl (0;) * 100%, where P; is the prediction and O; is the
observation) ranges from —50% in JJA to —17% in SON for
sulfate and —41% in MAM to —6% in DJF for nitrate. The
normalized mean bias for ammonium ranges from —32% in
JJA to +5% in SON. The correlation between nitrate obser-
vations and predictions is the weakest of the inorganic
acrosols with the poorest correlation in JJA. Nitrate aerosol
concentrations in the western U.S. in JJA are significantly
under-predicted.

[23] Some under-prediction could result from coarse
(>2.5 pm diameter) material being captured in the
CASTNET samples. However, Morris et al. [2005] estimate
that most secondary nitrate (>90%) can be assumed to be
present in fine particles in the rural West, although exceptions
can occur. In addition, nitrate may volatilize from the Teflon
filters used in CASTNET [Ames and Malm, 2001]. As a
result, CASTNET sites may under-report or over-report
PM, 5 depending on the amount of coarse aerosol present
and the extent of nitrate volatilization.

[24] Examining data from five individual CASTNET sites
in the western United States (mostly Southern California)
reveals that both gas-phase nitric acid and total nitrate are
under-predicted, which could be a result of (1) insufficient
formation of HNOj in the gas phase or (2) insufficient
partitioning of HNOj to particulate nitrate resulting in total
nitrate being preferentially lost via efficient dry deposition
of HNOs. Dry deposition velocities predicted by the model
at these 5 western sites in JJA have a normalized mean bias
of +88% compared to the CASTNET data. A sensitivity
study, performed in the West for JJA in which the dry
deposition velocity of HNO; was capped at 1.5 cm/s,
however, did not produce a significant improvement in
nitrate aerosol predictions, indicating that under-prediction
of nitrate aerosol is not a result of HNOj; dry deposition
alone.

[25] Other studies using different global chemical trans-
port models and different thermodynamic models for inor-
ganic aerosols also reveal significant underestimates in fine
mode nitrate in Southern California [Mhyre et al., 2006;
Bauer et al., 2007]. GEOS-Chem simulations with an
inorganic aerosol model based on MARS-A and GEOS
assimilated meteorology at a finer resolution also exhibit an
underestimate [Park et al., 2006]. Some models predict
significant coarse-mode nitrate in Southern California, but
the IMPROVE sites show significant fine-mode nitrate (on
the order of 1 pg/m> or more) is present in the vicinity of
Southern California [Liao et al., 2007].

[26] Nitrate aerosol formation is particularly sensitive to
ammonia emissions [e.g., Bauer et al., 2007], suggesting
that inaccuracy in the NHj inventory may be a factor in
model under-predictions. Yu et al. [2005] found that total
nitrate, total ammonia (NH; + NHy), and sulfate strongly
influence nitrate predictions and that errors in total ammonia
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