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Abstract Nitrogen (N) and sulfur (S) depositions are much mitigated over the conterminous U.S.
(CONUS) but deposition exceedance still exists on forest soil. In addition, the empirical approach is usually
used but only provides a spatially constant critical load (CL). Therefore, the CL derived from steady-state
mass balance equation is used to study the CL exceedance on forest soil over the CONUS. The multimodel
mean (MMM) of global climate-chemistry models in 2000s indicates that total (wet + dry) N deposition
alone over 10.32% of forest soil exceeds the CL, but a higher percent (30.16%) is observed by the N + S
deposition, which highlights the necessity of considering S deposition. In 2050s, less CL-exceeded forest
soil is projected and the exceedance amount is lower as well, mainly attributed to the strong reduction
of projected NOX and SO2 emissions. By ﬁrst projecting the future CL due to the climate change, the CL
exceedance could further decrease as the air temperature is projected to increase rapidly and lead to
higher CL in the future. The CL exceedance by N deposition alone is likely to be dominated by NOy in
2000s but NHX in 2050s because of the enhanced NH3 emission. Moreover, both in 2000s and 2050s, using
the CL generated by diﬀerent aggregation methods can cause up to 33 times diﬀerence between the
corresponding CL exceedance. This suggests that several regions are under the marginal threat of either N
or N + S deposition and diﬀerent CL can inﬂuence the results signiﬁcantly.

1. Introduction
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Human activities including fossil fuel combustion and fertilizer production have contributed signiﬁcantly
to the emission of reactive nitrogen Nr {oxidized nitrogen (NOy = NO + NO2 + NO3 − + other inorganic
[e.g., N2 O5 ] and organic components [e.g., PAN]) and reduced nitrogen (NHX = NH3 + NH4 + )} and SOX
(SO2 + SO4 2− ) in the past decades [Olivier et al., 1996; Vitousek et al., 1997; Smith et al., 2001; Galloway
et al., 2004]. The excess nitrogen (N) deposition by wet scavenging and dry removal processes could lead
to loss of biodiversity [Bergström and Jansson, 2006; Simkin et al., 2016], acidiﬁcation [Rodhe et al., 2002],
enhanced emissions of N2 O from coastal waters [Seitzinger and Kroeze, 1998] and carbon accumulation
in the atmosphere under future climate change [Zaehle et al., 2010]. The acidic sulfur (S) deposition can
threaten the quality of soil and water as well [Driscoll et al., 2001; McDonnell et al., 2013]. Though large
reduction of sulfur dioxide (SO2 ) and nitrogen oxides (NOX = NO + NO2 ) emissions has been achieved over
United States during the past 20 years [Smith et al., 2011; Vet et al., 2014], the threat of excess N, S, and N + S
depositions still exists [Burns et al., 2011; Nanus et al., 2012; Sullivan et al., 2012; Lovett, 2013]. The emission
of ammonia (NH3 ) in United States has increased by 11% from 1990 to 2010 [Xing et al., 2013] and their
combined eﬀects remain critical stress to the environment at several regions. Critical load (CL) is commonly
used to quantify the exceedance (i.e., Deposition > CL) of N, S, and N + S depositions. CL is deﬁned as the
criterion with the maximum one or more pollutants deposition above which signiﬁcant harmful eﬀects on
speciﬁed sensitive elements of the environment are expected to accrue [Nilsson and Grennfelt, 1988; Gregor
et al., 2004].
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To assess current and future exceedances, the global climate-chemistry models are usually good alternatives to provide long-term trends of N, S, and N + S depositions. Since individual models are sensitive to
speciﬁc conﬁgurations such as initial and boundary conditions, resolution and atmospheric chemical reactions, the multimodel mean (MMM) usually outperforms any single model [Reichler and Kim, 2008] and is
commonly used to improve the model performance given the variability and uncertainty among models.
Lamarque et al. [2005] used six diﬀerent tropospheric chemistry models to calculate the N deposition pertaining to 2000 and 2100 conditions under the Intergovernmental Panel on Climate Change (IPCC) Special
Report on Emissions Scenarios (SRES) A2 scenario. The MMM provided a good estimation of wet NO3 − deposition in United States compared to measurements from National Atmospheric Deposition Program (NADP).
The wet NO3 − deposition was projected to increase strongly in the future due to the globally enhanced N
emission. The split between dry and wet deposition rates was very model dependent and the ratio of dry
deposition over wet deposition was projected to increase slightly in the future. However, the missing of NH3
emission in that study could lead to signiﬁcant underestimation of N deposition. Dentener et al. [2006] used
23 atmospheric chemistry transport models from the Atmospheric Composition Change: the European
NeTwork of excellence (ACCENT) IPCC Fourth Assessment Report (AR4) modeling exercise to calculate the
present (2000) and future (2030) global deposition of Nr and SOX . About 74%, 65%, and 66% of the modeled
NOy , NHX , and SOX depositions were within 50% of the measurements from United States in 2000. The projected deposition in 2030 suggested that the beneﬁt of reduction in NOy deposition could be oﬀset by the
increased NHX deposition, which meant that the latter metric would be a key factor in the future. However,
one disadvantage of that work was that an empirical value (10 kg [N] ha−1 yr−1 ) was used for CL exceedance
analysis, which was just the lower threshold value for sensitive ecosystem. Sanderson et al. [2008] used 15
chemistry-transport models from Task Force on Hemispheric Transport of Air Pollution (TF HTAP) to quantify
the NOy deposition over four regions (Europe, North America, South Asia, and East Asia). The model evaluation showed that 69% of modeled results agreed within ±50% of the observations. Nevertheless, only one
year (2001) simulation was conducted and the inﬂuence of interannual variability on the deposition could
not be assessed. Lamarque et al. [2013b] had evaluated the historical and projected N and S depositions
from the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP). The MMM showed
good agreement between the modeled and observed wet NO3 − , NH4 + , and SO4 2− depositions in United
States, with around 70% of simulation data falling within ±50% of the observations. The projected NOy and
SOX depositions under representative concentration pathways scenarios [RCPs, van Vuuren et al., 2011 and
references therein] decreased dramatically while the projected NHX deposition clearly increased in United
States, which was also indicated from their earlier work [Lamarque et al., 2011]. However, the dry deposition from MMM was not explored in Lamarque et al. [2013b]. Zhang et al. [2012] used the global chemical
transport model (GEOS-Chem) with 0.5∘ × 0.67∘ nested horizontal resolution to analyze the distribution,
sources, and processes of N deposition over the North America. Ellis et al. [2013] adopted the same framework to further investigate the present and future N deposition to national parks, using the CL synthesized
by Pardo et al. [2011]. It seemed that most present-day (2006) CL exceedance of N deposition to U.S. national
parks was anthropogenic in origin and mainly dominated by NOy . However, opposite to the projected large
decrease of NOX emissions under RCPs in 2050, the projected stronger NH3 emission was likely to cause
higher NHX deposition. Nevertheless, only one year simulation to represent the present year in 2006 and
the future year in 2050 was conducted in Ellis et al. [2013] and the same meteorology and natural emissions
from 2006 were used for the 2050 simulation, thus neglecting the impact from weather and climate change.
According to the previous studies, MMM is likely to provide more reliable estimate of N and S depositions in
United States. A few studies used MMM to investigate the CL exceedance of N deposition on the ecosystem
but a uniform CL of 10 kg (N) ha−1 yr−1 is assumed, which fails to consider the spatial heterogeneity of
acid deposition resistance over various land use types. Recent study has showed that using a uniform value
could sometimes misinterpret the sensitivity of ecosystem to acid depositions from the perspective of either
gross plant community or individual species [Lovett, 2013; Simkin et al., 2016]. Therefore, in this study, we use
the CL from the work of McNulty et al. [2013], where the N, S, and N + S depositions are separately used to
calculate the corresponding CL values based on the steady-state mass balance equations (SMBEs). Further
description is provided in Section 2.3 and more details about the calculation of CL can be found in McNulty
et al. [2007, 2013]. The MMM from ACCMIP is used to unfold the N (NOy + NHX ), S (SO2 + SO4 2− ), and N + S
depositions to the forest soil over the conterminous U.S. (CONUS) for the present and future years. Note
SUN ET AL.
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that the CL exceedance caused by the N, S, and N + S depositions is estimated by the sum of wet and dry
deposition throughout the rest of study.

2. Methodology
2.1. Ensemble Simulations of Deposition
The ACCMIP provides an insight into the evolution of atmospheric chemistry under historical and future climate change [Lamarque et al., 2013a]. It consists of a series of numerical time slice experiments to explore
atmospheric chemistry driven by the climatic changes from the Coupled Model Intercomparison Project
Phase 5 [CMIP5, Taylor et al., 2012] simulations. The anthropogenic and biomass burning emissions are
based on Lamarque et al. [2010] for the present-day simulation and the projected emissions for short-lived
precursors follow the RCPs. The ACCMIP data are archived at the British Atmospheric Data Centre (http://
badc.nerc.ac.uk) and detailed descriptions about participating models, simulation conﬁguration, and evaluation of present-day climate are well documented by Lamarque et al. [2013a]. The provided monthly model
outputs (NH3 , NH4 + , NOy = NO + NO2 + HNO3 + HNO4 + NO3 − + N2 O5 + PAN + other organic nitrates [Sun
et al., 2016], SO2 , and SO4 2− ) are linearly interpolated from the native horizontal resolutions to the 0.1∘ × 0.1∘
grid resolution (ﬁner than any single model, about 8 km over the CONUS) in order to match the resolution
of CL data that will be described below. As indicated by Lamarque et al. [2013a], several models generate
the necessary data for the historical NOy deposition, but fewer models have NHX and S depositions. In this
study, the MMM for speciﬁc species is calculated using all the available model results. The 2000 time slice
(4–10 years simulation among models) is used to represent the present years (2000s), while 2050 (5–10
years simulation among models) time slice under RCP 8.5 scenario [Riahi et al., 2007] is used for the future
years (2050s). The availability of species from diﬀerent global climate-chemistry models and time slices is
shown in Table S1, Supporting Information.
2.2. Dry Deposition Data From Clean Air Status and Trends Network
For the wet N and S depositions, the evaluation conducted by Lamarque et al. [2013b] had showed that
MMM was in good agreement with NADP observation as mentioned above. Thus model performance of
simulated wet deposition is not presented in this study. However, the dry N and S depositions have not
been evaluated yet. Diﬀerent from the wet deposition which is calculated by concentrations of species and
precipitation volumes both from measurements [Walker et al., 2012b], the dry deposition is derived from
the measured air concentrations at the Clean Air Status and Trends Network (CASTNET) sites and the simulated dry deposition velocity from the multilayer model (MLM) [Saylor et al., 2014]. The calculation of dry
deposition velocity takes the following form:
[
( hc
)−1 ]−1
1
S (z) dz +
(1)
Vd = Ra +
∫0
rsoil + ra,soil
where V d is the deposition velocity (unit: m s−1 ); Ra is the aerodynamic resistance (unit: s m−1 ); hc is the
height of the canopy (unit: m); S(z) is the general local sink term for trace species deposition to the canopy
(unit: s−1 ); rsoil is the soil uptake resistance (unit: s m−1 ) and ra,soil is the subcanopy aerodynamic resistance
for deposition to soil (unit: s m−1 ). The dry deposition data is archived by U.S. EPA (http://www.epa.gov/
castnet/) and about 90 sites that cover the entire or partial periods of 2000–2009 are used in this study for
model comparison in 2000s.
2.3. Critical Load
As mentioned above, CL is by deﬁnition a threshold below which negative impacts do not occur. The value
and impact of CL depend not only on the receptors [Pardo et al., 2011], but also on the speciﬁc type of
adverse eﬀect [Bouwman et al., 2002; Baron, 2006]. The CL used in this study is from the work of McNulty
et al. [2013], which focuses on the soil acidiﬁcation in the forested system that covers 68.6% areas of CONUS.
Unlike the previous studies only focusing on the N deposition in United States [Lamarque et al., 2005; Dentener et al., 2006; Ellis et al., 2013], the S deposition is still supposed to cause soil acidiﬁcation and must be
considered as well. The CL is calculated by using the SMBEs with N and S inputs, sinks, and outputs. The
SMBEs approach has taken the water and soil chemistry, mineral soil weathering rates, deposition level
and the ecosystem responses to chemical changes (i.e., uptake rate of base cations and N for 28 forest
SUN ET AL.
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type groups generated from United States Department of Agriculture, https://data.fs.usda.gov/geodata/
rastergateway/forest_type/) into account, more representative than the empirical approach. A critical load
function is ﬁrst formed in order to estimate the CL and this function is deﬁned by three thresholds: minimum critical load value for N (CLmin (N)), maximum critical load value for N (CLmax (N)), and maximum critical
load value for S (CLmax (S)). These three thresholds can be calculated by the following equations (http://www
.rivm.nl/media/documenten/cce/manual/mapman_5_3.pdf):
CLmin (N) = Ni + Nu

(2)

CLmax (S) = BCdep − Cldep − Bcu + CL (A)

(3)

CLmax (N) = CLmin (N) +

CLmax (S)
1 − fde

(4)

where Ni is the long-term net immobilization of N in soil organic matter; Nu is the net removal of N in harvested vegetation and animals; BCdep is the total deposition of base cations (i.e., Na + Ca + Mg + K); Cldep
is the chloride deposition; Bcu is the uptake ﬂux of base cations except Na (i.e., Ca + Mg + K) due to forest
harvesting; CL(A) is the critical load of acidity and f de is denitriﬁcation fraction. The CLmin (N), CLmax (S), and
CLmax (N) should be interpreted as: (1) If N deposition is lower than CLmin (N), only S deposition matters for the
exceedance assessment; (2) If the N deposition is higher than CLmax (N), N deposition alone can adversely
harm the forest soil; (3) If the N deposition is between CLmin (N) and CLmax (N), N deposition alone is less
likely to cause negative impact; (4) N + S deposition is always examined for the CL exceedance with the CL
in this case deﬁned as CLmin (N) + CLmax (S) (summed CLmin (N) and CLmax (S) values, since they are converted
to the same unit). Note that CLmin (N), CLmax (S), and CLmax (N) vary spatially and are computed by (3) and
(4) with the assumption of zero denitriﬁcation fraction over the CONUS, which means CLmax (N) equals to
CLmin (N) + CLmax (S). Note that in the SMBEs, the uptake of S by vegetation is generally insigniﬁcant. Thus,
unlike for N deposition, there is only one CL value for S deposition and it is termed as CLmax (S). The CL with
the resolution 12 km × 12 km can be downloaded from the NADP website (http://nadp.isws.illinois.edu/
committees/clad/db/). It is further regridded to the regular 0.1∘ × 0.1∘ grid to keep its regional representation of surface type and can be matched by the resolution of ACCMIP MMM (Figure S1).

3. Results and Discussion
3.1. Model Comparison for Dry HNO3 , NH4 + , SO2 , and SO4 2− Depositions
The 10-year (2000–2009, may not cover the whole period for diﬀerent models based on their availability)
averaged annual dry deposition from CASTNET sites, MMM, and each model output are represented as box
plots for HNO3 , NH4 + , SO2 , and SO4 2− , respectively (Figures 1a–1d). It seems that diﬀerent individual models can vary dramatically from each other, especially for HNO3 . Clear underestimation [e.g., MOCAGE and
HadGEM2; Josse et al., 2004; Collins et al., 2011] and overestimation [e.g., CMAM and NCAR_CAM3.5; Scinocca
et al., 2008; Lamarque et al., 2012] of HNO3 dry deposition are observed, which could be attributed to the
diﬀerences of their total NOX emissions (table S2.3 in Lamarque et al. [2013a]) and the treatment of soil NOX
emission (table 3 in Lamarque et al. [2013a]). Models like UM_CAM [Zeng et al., 2008] also show large variance, which should be related to their relatively coarse resolutions (Table S1). Based on the scatter plots for
MMM (Figures 1e–1h), the slope is close to 1.0 except for NH4 + and the correlation coeﬃcients are all higher
than 0.75 except for HNO3 . About 66% and 77% of modeled HNO3 and SO4 2− data are within ±50% of the
CASTNET values, while the percentages for NH4 + and SO2 are only 38% and 18%, respectively. For NH4 + , the
emission of NH3 has large discrepancies among the regions in United States [Heald et al., 2012; Walker et al.,
2012a], which can signiﬁcantly contribute to the bias here. The higher estimation of SO2 dry deposition may
be caused by the overestimated surface SO2 concentration due to the uncertainty of emission rates and
deﬁciency in the dry removal scheme among global chemistry-climate models [Roelofs et al., 1998; Knote
et al., 2011; Buchard et al., 2014]. The intercepts of the scatter plots reveal that there are systematic positive
diﬀerences for MMM, especially at the sites with low dry deposition. Previous literature suggests that dry
deposition is more diﬃcult to estimate due to the surface types [Hidy et al., 2011]. It is strongly inﬂuenced
by the atmospheric chemistry, meteorology, terrain complexity, and biological characteristics [Lovett, 1994;
SUN ET AL.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 1. Box plots of 10-year (2000–2009, may not cover the whole period for diﬀerent models) averaged annual total dry deposition from CASTNET sites, multimodel mean (MMM)
and each model output for (a) HNO3 , (b) NH4 + , (c) SO2 , and (d) SO4 2− , respectively. The top and bottom horizontal lines for each box correspond to the 95th and 5th percentiles. The
second, third, and fourth horizontal lines of the box from top to bottom are the 75th, 50th, and 25th percentiles of the data range. The red dot in each box represents the mean value.
The scatter plots are MMM result (y-axis) versus observation (x-axis) for (e) HNO3 , (f ) NH4 + , (g) SO2 , and (h) SO4 2− , respectively. Dashed lines indicate ±factor 1:2 and 2:1 and the red
solid line is the result of least-square linear regression.

Clarke et al., 1997]. Finkelstein et al. [2000] found that the dry deposition velocity for SO2 at forested canopies
was underestimated by 35%, and Schwede et al. [2011] pointed out that the estimated dry deposition velocity at CASTNET sites for SO2 and HNO3 was likely to be 50% and 35% lower, respectively. Clarke et al. [1997]
estimated that the uncertainty of CASTNET observation for SO2 and HNO3 is 30% and 40% or larger, respectively. Fowler et al. [2009] suggested that the uncertainty of dry deposition ﬂuxes for main chemical species
(e.g., HNO3 ) was about 50% and similar percent was reported for SO2 by Nowlan et al. [2014]. The uncertainty could be even larger due to the irregular terrain or forested canopies over Eastern U.S. [Sickles and
Shadwick, 2015]. On the other hand, the coarse resolution of global climate-chemistry models might not
describe the vegetation well, which caused uncertainty of simulating the surface-atmosphere interactions
[Verbeke et al., 2015]. Other factors such as simpliﬁed chemistry and limited representation of physics and
transport could also worsen the model performance [Hauglustaine et al., 2014]. The statistics for MMM and
each model output indicate that for HNO3 , either positive or negative diﬀerences from CASTNET can be
observed among models while for the other three species, consistent positive diﬀerences are found (Table
S2). For individual model like GFDL_AM3 [Naik et al., 2013], it only predicts the dry deposition well for SO4 2− .
Other models (e.g., GISS_E2_R [Shindell et al., 2013]) may perform well for some species (e.g., HNO3 , NH4 + ,
and SO4 2− ) but its paired comparison of statistic parameters (e.g., MNB and MNE) varies largely, which suggests that both positive and negative diﬀerences exist inside the model among the CASTNET sites. Instead,
the MMM for each species considers the uncertainties of individual models and provides consistent results
for a given pair of statistic parameters. It is also relatively close to the CASTNET data based on the box plots
(Figures 1a–1d). Therefore, it is more appropriate to use MMM to calculate the CL exceedance due to N, S,
and N + S depositions.
SUN ET AL.
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3.2. Exceedance of N, S, and N + S Depositions in 2000s and 2050s
Based on the deﬁnition by Karl and Koss [1984], we divide the CONUS into nine climate regions (Northeast, Southeast, South, Central, East North Central, West North Central, Southwest, West and Northwest,
Figure S2). The spatial distribution of N, S, and N + S depositions from MMM over the CONUS shows that
the strongest deposition appears in the regions like Central (e.g., Ohio and Indiana) and Northeast (e.g.,
Pennsylvania) in 2000s (Figures S3a, S3c and S3e). Totally 99.07% of the forest soil over the CONUS is estimated to have N deposition higher than the CLmin (N), which means that the N deposition is not negligible
for the exceedance analysis over most part of the CONUS. In addition, N deposition over 10.32% of the forest soil over the CONUS in 2000s exceeds the corresponding CLmax (N), suggesting that N deposition alone
may cause environmental concern there. The percentages of CLmax (N) exceeded areas from each climate
region over the national total CLmax (N) exceeded areas show that Northeast (47.34%) and East North Central (26.18%) have the highest N deposition (Table 1a), including Michigan and Pennsylvania where the N
emission from power plant and industry is strong. Other states like Indiana and Wisconsin may have less forest soil aﬀected, but the exceedance amount there could be still high (∼500 eq ha−1 yr−1 , Figure 2a). For the
0.93% of the forest soil over the CONUS where the N deposition is lower than the CLmin (N), about 500 km2
areas receive the S deposition that is higher than the CLmax (S). All the CLmax (S) exceeded areas are in West
(Figure 2c), which indicates that the S deposition alone could still threaten the environment even though
the N deposition is not a concern there.
On the other hand, the N + S deposition over 30.16% of the forest soil over the CONUS exceed the
CLmin (N) + CLmax (S) in 2000s (Figure 2e) and it mainly aﬀects the Eastern U.S. with the largest percent in
Central (32.89%), followed by Northeast (24.74%) and East North Central (20.84%) (Table 1a). Many more
CL exceeded areas are observed in these three regions (e.g., Pennsylvania, Michigan, and Indiana), with the
maximum exceedance amount even higher than 1000 eq ha−1 yr−1 . It is worth noting that the forest soil
in Central seems to be less impacted by the N deposition (Table 1a). However, the largest CL exceedance
percent appears when the N + S deposition is considered, due to the strong sulfur emission from power
plant and industry there. The impact of S deposition to the ecosystem is usually missed by the previous
N deposition studies [Lamarque et al., 2005; Dentener et al., 2006; Sanderson et al., 2008; Lamarque et al.,
2013b] and thus highlighted in this work. The results here are generally consistent with those in the study
of McNulty et al. [2013] and both studies emphasize that the S deposition cannot be ignored for soil acidiﬁcation. Nevertheless, our estimated national exceedance percent of N + S deposition is relatively higher
than that estimated by McNulty et al. [2013] (around 22%). Potential reasons for this diﬀerence include
the positive bias from MMM results (Section 3.1), diﬀerent temporal scale for deposition (1994–2000 in
McNulty et al. [2013] but 2000–2009 in this study) and the limited species from CASTNET observations
(only NO3 − and NH4 + for wet deposition and particulate NH4 + and HNO3 for dry deposition). The ratio of
N deposition over S deposition is further calculated for the forest soil over the CONUS where the N + S
deposition exceeds the corresponding CLmin (N) + CLmax (S). When the exceedance amount is less than 400
eq ha−1 yr−1 , the ratio is usually much higher than 1 (∼3 in East North Central, Figure S4a and 2e), which
means that N deposition dominates the eﬀect. However, when the exceedance amount is more than 1000
eq ha−1 yr−1 (e.g., Central and Northeast), the ratio rapidly drops with value close to 1, indicating that the
S deposition is playing an important role over there and necessary to be included for the exceedance
analysis. It is also observed that N deposition has already caused vital environmental concern in Central
(e.g., Indiana), East North Central (e.g., Michigan), Northeast (e.g., New Jersey), and Southeast (e.g., Florida).
The high exceedance percentages from N + S deposition in East North Central, Central, and Northeast
suggest that continued ecological impacts to forests. Therefore, policy- and decision-makers should pay
speciﬁc attention to those regions.
The total N, S, and N + S depositions are projected to decrease nationwide by 2050 (Figure S3b, S3d and S3f ).
The N, S, and N + S depositions to the forest soil over the CONUS from 2000s to 2050s are likely to decrease
by about 28.7%, 81.4%, and 50.5%, respectively. This is due to the strongly reduced emissions of sulfur and
NOX over the CONUS under the RCP 8.5 scenario [Riahi et al., 2007]. The N deposition to the 97.75% of the forest soil over the CONUS is higher than the CLmin (N) and thus still important for the exceedance assessment
despite decreased NOX emissions. Based on Table 1a, the CLmax (N) exceeded areas caused by N deposition
in 2050s are much smaller than that in 2000s. Except Southwest and Northwest, all the other seven climate regions are projected to have fewer CLmax (N) exceeded areas with the largest absolute diﬀerence at
SUN ET AL.
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Table 1. Summary of the Critical Load (CL) Exceeded Forest Soil Over the CONUS (Unit: km2 , Rounded to the Nearest
1000) and the Percent of CL Exceeded Areas for Each Climate Region in 2000s and 2050s, Respectively
Climate Regions

West

West

East

North

North

Southwest South Southeast Northwest Central Central Central

(%)

(%)

(%)

(%)

(%)

(%)

(%)

Northeast

(%)

(%)

(a) Use the CL aggregated from the average values of 12 × 12 grids from 1-km resolution
National CLmax (N) exceeded areas in 2000s: 551,000 km2
P_N_2000s

0.02

0.21

0.77

10.88

0.00

1.39

26.18

13.21

47.34

5.59

62.03

11.26

5.08

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

32.89

24.74

12.91

7.60

National CLmax (N) exceeded areas in 2050s: 81,000 km2
P_N_2050s

0.00

1.41

National CLmax
P_S_2000s

100.00

3.53

11.08

0.00

(S) exceeded areas in 2000s: 500 km2

0.00

0.00

0.00

0.00

National CLmax (S) exceeded areas in 2050s: 0 km2
P_S_2000s

0.00

0.00

0.00

0.00

0.00

National CLmin (N) + CLmax (S) exceeded areas in 2000s: 1,611,000 km2
P_N_S_2000s

1.54

0.19

2.89

15.85

0.06

1.00

20.84

National CLmin (N) + CLmax (S) exceeded areas in 2050s: 160,000 km2
P_N_S_2050s

0.00

0.72

1.98

14.84

0.00

4.44

57.51

(b) Use the CL aggregated from the minimum values of 12 × 12 grids from 1-km resolution
National CLmax (N) exceeded areas in 2000s: 1,304,000 km2
P_N_2000s

0.08

0.17

3.66

20.53

0.00

1.84

25.95

17.13

30.64

46.57

6.09

20.53

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

23.95

16.81

12.63

21.12

National CLmax (N) exceeded areas in 2050s: 567,000 km2
P_N_2050s

0.03

0.31

2.01

20.57

0.00

3.89

National CLmax (S) exceeded areas in 2000s: 1000 km2
P_S_2000s

100.00

0.00

National CLmax
P_S_2050s

0.00

0.00

0.00

0.00

(S) exceeded areas in 2050s: 0 km2

0.00

0.00

0.00

0.00

National CLmin (N) + CLmax (S) exceeded areas in 2000s: 2,634,000 km2
P_N_S_2000s

2.35

0.59

13.96

23.04

1.00

1.16

17.14

National CLmin (N) + CLmax (S) exceeded areas in 2050s: 759,000 km2
P_N_S_2050s

0.05

0.28

2.96

20.59

0.02

3.18

39.16

(c) Use the CL aggregated from the maximum values of 12 × 12 grids from 1-km resolution
National CLmax (N) exceeded areas in 2000s: 111,000 km2
P_N_2000s

0.09

0.61

1.78

8.26

0.00

2.22

16.83

20.02

50.18

24.92

30.66

4.82

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

41.72

31.69

27.73

4.77

National CLmax (N) exceeded areas in 2050s: 17,000 km2
P_N_2050s

0.00

3.92

8.54

15.92

0.00

11.22

National CLmax (S) exceeded areas in 2000s: 400 km2
P_S_2000s

100.00

0.00

0.00

0.00

0.00

National CLmax (S) exceeded areas in 2050s: 0 km2
P_S_2050s

0.00

0.00

0.00

National CLmin (N) + CLmax
P_N_S_2000s

1.41

0.26

0.00

0.00

(S) exceeded areas in 2000s: 925,000 km2

1.10

7.46

0.04

0.58

15.74

National CLmin (N) + CLmax (S) exceeded areas in 2050s: 25,000 km2
P_N_S_2050s
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9.24

20.86

0.00
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Table 1. (continued)
(d) The same as (a) but using CL with the consideration of climate change
National CLmax (N) exceeded areas in 2050s: 51,000 km2
P_N_2050s

0.00

2.23

5.18

11.12

0.00

7.57

54.64

14.51

4.74

0.00

0.00

0.00

0.00

56.48

10.35

5.46

National CLmax (S) exceeded areas in 2050s: 0 km2
P_S_2050s

0.00

0.00

0.00

National CLmax (N) + CLmax
P_N_S_2050s

0.00

1.15

0.00

0.00

(S) exceeded areas in 2000s: 100,000 km2

2.87

18.66

0.00

5.02

P_N_2000s, The percent of CLmax (N) exceeded areas for each climate region in 2000s.; P_N_2050s, The percent of
CLmax (N) exceeded areas for each climate region in 2050s.; P_S_2000s, The percent of CLmax (S) exceeded areas for
each climate region in 2000s.; P_S_2050s, The percent of CLmax (S) exceeded areas for each climate region in 2050s.;
P_N_S_2000s, The percent of CLmin (N) + CLmax (S) exceeded areas for each climate region in 2000s.; P_N_S_2050s,
The percent of CLmin (N) + CLmax (S) exceeded areas for each climate region in 2050s.

Northeast (∼257,000 km2 ). The N deposition over 1.52% of national forest soil exceeds the CLmax (N) and the
exceedance amount is mostly lower than 400 eq ha−1 yr−1 (Figure 2b). East North Central (62.03%) is likely to
experience most exceedance of N deposition (e.g., Michigan and Indiana) while Northeast yields the highest CLmax (N) exceedance percent in 2000s. For the 2.25% of the forest soil over the CONUS where the N
deposition is lower than the CLmin (N), the S deposition is all lower than the CLmax (S) (Figure 2d). The CLmax (S)
exceedance in West in 2000s diminishes in 2050s, which suggests that S deposition alone is less likely to
cause an environmental concern in 2050s. Moreover, all nine climate regions are projected to have fewer
CLmin (N) + CLmax (S) exceeded areas with the largest absolute diﬀerence in Central (∼509,000 km2 ). In 2050s,
2.99% of the forest soil over the CONUS is projected to have N + S deposition exceeding the corresponding
CLmin (N) + CLmax (S) and the exceedance amount is mostly lower than 500 eq ha−1 yr−1 as well (Figure 2f ).
Both the CLmin (N) + CLmax (S) exceeded areas and exceedance amount are much smaller than those in 2000s
(Figure 2e). The highest percent of exceedance is 57.51% in East North Central, while the Central dominates
in 2000s. The ratio of N deposition over S deposition is generally higher than 4 for the forest soil where the
CLmin (N) + CLmax (S) is exceeded and could be even higher than 7 at the East North Central (Figure S4b), indicating that N deposition is likely to be more crucial when considering the exceedance of N + S deposition
in 2050s.
3.3. Contributions of NOy and NHX Depositions to N Deposition
We further explore the contributions of NOy and NHX depositions to the N deposition in 2000s and 2050s,
respectively. The NHX deposition has been assumed to be readily converted to N compounds such as nitrate
that can acidify. The ratio of NOy deposition over NHX deposition is generally higher than 1 for most forest soil over the CONUS in 2000s and could be even higher than 5 for the west and east coast, illustrating
that NOy deposition dominates the N deposition in 2000s (Figure S5a). The NOy and NHX depositions to
91.93% and 63.62% of the forest soil over the CONUS exceed the CLmin (N), respectively. The national total
percentages of CLmax (N) exceeded areas caused by NOy and NHX depositions are 3.32% and 0.06% in 2000s,
respectively (Figures 3a and 3c). In the regional perspective, Northeast (62.25%) has the highest CLmax (N)
exceeded percent caused by NOy deposition while Central (55.06%) has the highest CLmax (N) exceeded percent caused by NHX deposition (Table 2). Higher exceedance amount caused by NOy deposition (>300 eq
ha−1 yr−1 , Figure 3a) could be observed at states such as New Jersey and Indiana. For Florida, the NOy deposition can also lead to exceedance of CLmax (N) probably due to the relatively low CLmax (N) values (Figure S1)
and strong NOX emission from vehicles (https://www.epa.gov/air-emissions-inventories).
In 2050s, the ratio of NOy deposition over NHX deposition in coastal region is nationwide smaller than 3
(Figure S5b), which is much lower than that in 2000s. Moreover, the ratio in the regions such as Central
and East North Central is even smaller than 1. This suggests that the NHX deposition could play a relatively
more important role in the future, due to the reduced NOy emission but enhanced NH3 emission under
RCP 8.5 projection [Riahi et al., 2007]. The NOy and NHX depositions to 84.07% and 71.72% of the forest soil
over the CONUS are projected to exceed the CLmin (N) in 2050s, respectively. All the nine climate regions are
consistently projected to have fewer CLmax (N) exceeded areas caused by NOy deposition (Table 2), with the
largest absolute diﬀerence in Northeast (∼110,000 km2 ). However, NHX deposition is found to cause more
SUN ET AL.
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Figure 2. The critical load (CL) exceedance amount (unit: eq ha−1 yr−1 ) in 2000s based on the (a) CLmax (N), (b) CLmax (S), and (c)
CLmin (N) + CLmax (S), respectively, (b), (d), and (f ) are the same but for 2050s.

CLmax (N) exceeded areas with the largest absolute diﬀerence in East North Central (∼1000 km2 ). The percent
of national total CLmax (N) exceeded areas caused by NOy deposition (0.02%) is also lower than that caused
by NHX deposition (0.1%) in 2050s (Figures 3b and 3d). This highlights the more important role of NHX
deposition in the future exceedance analysis since further reduction of NOy emission will only help alleviate
the CLmax (N) exceedance caused by the N deposition, not the NHX deposition. Note that East North Central
yields high percent of CLmax (N) exceedance caused by either NOy or NHX deposition in 2050s. Considering
the fact that the CLmax (N) exceeded areas caused by N deposition are also larger in East North Central than
any other regions (Table 1a), this may be the most critical region that deserves the special attention for the
CLmax (N) exceedance analysis of future N deposition.
3.4. Upper and Lower Bounds of Exceedance by N, S, and N + S Depositions
In the work of McNulty et al. [2013], the CL dataset is originally calculated at 1-km resolution. However, NADP
and NCLD (National Critical Load Database) further aggregate it into the resolution of 12 km × 12 km for
SUN ET AL.
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Figure 3. CLmax (N) exceedance caused by (a) NOy deposition and (c) NHX deposition for the forest soil over the CONUS in 2000s (unit: eq
ha−1 yr−1 ), (b) and (d) are the same but for 2050s.

public download. In the analysis above, the CL data aggregated by averaging the values of 12 km × 12 km
grids from 1-km resolution is used. There are also another two aggregation metrics, which take the minimum
and maximum values of 12 km × 12 km grids from 1-km resolution, respectively. Hence, we can use these
two metrics to identify the upper and lower bounds of the CL exceedance over the CONUS.
Using the minimum CL values (Figure S6), N deposition to 99.71% of the forest soil over the CONUS is
higher than the CLmin (N), which is almost the same as that in Section 3.2. However, the national CLmax (N)
exceeded percent is 24.42% while the CLmin (N) + CLmax (S) exceeded percent is 49.32% in 2000s (Figures 4a
and 4e). These two percentages are much higher than those in Section 3.2 (10.32% [Figure 2a] and 30.16%
[Figure 2e]) and the CLmax (N) and CLmin (N) + CLmax (S) exceeded percentages are likely to increase largely in
regions such as East North Central, Central and Southeast (Table 1b). This indicates that for those regions,
lots of forest soil is under the marginal threat of N and N + S depositions. Therefore, using a lower CL will
increase the CL exceeded percent signiﬁcantly. It is also worth noting that for regions like East North Central
and Northeast, using the minimum CLmin (N) + CLmax (S) values would lead to more areas with exceedance
amount higher than 1000 eq ha−1 yr−1 . For the rest 0.29% of the forest soil over the CONUS whose N deposition is lower than CLmin (N), about 1000 km2 areas receive the S deposition higher than the corresponding
CLmax (S) (Figure 4c), which is twice higher than that in Section 3.2 (∼500 km2 ).
In 2050s, the N deposition to 98.82% of the forest soil over the CONUS is higher than the CLmin (N). 10.61%
and 14.21% of the forest soil will be adversely aﬀected by the N and N + S depositions, respectively
(Figures 4b and 4f ). Though many regions show lower percentages than those in Section 3.2, the absolute
CL exceeded areas are still higher since the national total CL exceeded areas are higher (Tables 1a and 1b).
Note that the CL exceeded percentages in regions like Northeast have increased signiﬁcantly, suggesting
that much forest soil in those regions may still be under the marginal threat of N and N + S depositions in
2050s even though the NOX and SO2 are projected to decrease. For the rest 1.18% of the forest soil where
the N deposition is lower than CLmin (N), the S deposition alone is still lower than the corresponding CLmax (S)
SUN ET AL.
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Table 2. Summary of CLmax (N) Exceeded Forested Areas Over the CONUS (Unit: km2 , Rounded to the Nearest 1000)
and the CLmax (N) Exceeded Percent for Each Climate Region Caused by NOy or NHX Deposition Alone in 2000s and
2050s, Respectively
Climate Regions
West

East

North

North

West

Southwest

South

Southeast

Northwest

Central

Central

Central

Northeast

(%)

(%)

(%)

(%)

(%)

(%)

(%)

(%)

(%)

0.26

17.57

5.63

62.25

0.00

38.19

38.85

22.96

0.00

35.66

55.06

0.00

6.68

39.82

42.59

0.00

NOy deposition
National CLmax (N) exceeded areas in 2000s: 177,000 km2
P_N_2000s

0.00

0.11

National CLmax
P_N_2050s

0.00

0.51

13.68

0.00

(N) exceeded areas in 2050s: 1000 km2

0.00

0.00

0.00

0.00

NHX deposition
National CLmax (N) exceeded areas in 2000s: 3,000 km2
P_N_2000s

0.00

0.00

9.28

0.00

0.00

National CLmax (N) exceeded areas in 2050s: 5,000 km2
P_N_2050s

0.00

0.00

10.92

0.00

0.00

(Figure 4d), similar to that in Section 3.2. Overall, the minimum CL values contribute to the highest CLmax (N)
and CLmin (N) + CLmax (S) exceedance for the forest soil over the CONUS, which could be treated as the upper
bound for the deposition exceedance assessment.
On the other hand, by using the maximum CL values (Figure S7), N deposition to 95.65% of the forest soil
over the CONUS is higher than the CLmin (N) in 2000s, whose percent is lower than that in Figure S6 since the
CLmin (N) is higher here. However, only 2.09% and 17.32% of the forest soil is under the threat of N and N + S
depositions, respectively (Figures 5a and 5e). For the rest 4.35% of the forest soil whose N deposition is lower
than CLmin (N), about 400 km2 areas exceed their corresponding CLmax (S) by S deposition, which is also lower
than the results above (Figure 5c). The CLmax (N) and CLmin (N) + CLmax (S) exceeded percent for the forest soil
over the CONUS will be further reduced to 0.32% and 0.47% in 2050s, respectively (Figures 5b and 5f ). The S
deposition alone is all lower than the CLmax (S) as before (Figure 5d). It is worth noting that the CL exceeded
percentages in Northeast and Central are even higher than those in Section 3.2 (Tables 1a and 1c), mainly
due to their high CL exceedance amount (Figure 2). Nevertheless, more CLmax (N) and CLmin (N) + CLmax (S)
exceeded areas are also observed in West North Central and Southeast in 2050s, which is mainly due to
their relatively high CL exceedance amount but low maximum CL values. In a word, fewest areas of the
forest soil over the CONUS are adversely aﬀected by the N, S, and N + S depositions with the maximum CL
values and the assessment results here can be treated as the lower bound of CL exceedance.
3.5. Impact of Climate Change on the Exceedance by N, S, and N + S Depositions
In the previous sections, we estimate the CL exceedance based on the CL developed at the present level. It is
reported in the IPCC Fifth Assessment Report [Collins et al., 2013] that the global mean surface temperature
is projected to increase by approximately 2∘ C through 2050s. The enhanced temperature could increase the
base cation weathering, the cation uptake, and the runoﬀ term of the SMBEs. McNulty et al. [2013] found out
that a 4∘ C increase in the air temperature could contribute to a 20% increase in the base cation weathering.
Since base cation weathering rate is thought as the most critical parameter in the sensitivity analysis of the
SMBEs [Li and McNulty, 2007], we further explore the impact of the change of temperature from 2000s to
2050s on the CL values and its associated CL exceedance over the CONUS. The monthly mean air temperature from models in ACCMIP is used to generate the annual mean air temperature diﬀerent between 2050s
and 2000s (2050s − 2000s). Then we apply the relationship reported by McNulty et al. [2013] (4∘ C increase
in the air temperature versus 20% increase in the base cation weathering) to update the base cation weathering in (3) (part of the CL(A) term). Finally the N, S, and N + S depositions in 2050s is used to reevaluate the
CL exceedance with the updated CL values including the consideration of climate change (Figure S8). The
SUN ET AL.
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Figure 4. CL exceedance amount (unit: eq ha−1 yr−1 ) for the forest soil over the CONUS in 2000s based on the (a) CLmax (N), (c) CLmax (S),
and (e) CLmin (N) + CLmax (S) aggregated by using the minimum values of 12 km × 12 km grids at 1-km resolution, (b), (d), and (f ) are the
same but for 2050s.

CLmin (N) is not aﬀected by the base cation weathering rate and thus the CL exceeded areas with the update
CLmin (N) are the same as those in Section 3.2. Thus it turns out that N deposition to 97.75% of the forest soil
over the CONUS again exceeds the updated CLmin (N). Clear reduction of CL exceeded areas caused by the N
and N + S depositions is found over the CONUS (Figures 6a and 6c). When Table 1d and Table 1a compared,
the national total CL exceeded areas caused by N deposition have decreased by approximately 30,000 km2
with the updated CLmax (N). Six climate regions show fewer CLmax (N) exceeded areas with the largest reduction in East North Central (∼22,000 km2 ). For the rest 2.25% of the forest soil over the CONUS where the N
deposition is lower than the updated CLmin (N), the S deposition alone is less likely to cause CL exceedance
anywhere based on the updated CL. The N + S deposition to about 100,000 km2 of the forest soil over the
CONUS could exceed the updated CLmin (N) + CLmax (S), whose areas are around 60,000 km2 fewer than those
shown in Table 1a. The maximum reduction of CLmin (N) + CLmax (S) exceeded areas is in East North Central
(∼36,000 km2 ), followed by Central (∼10,000 km2 ). Recalling the (3), the increased base cation weathering
SUN ET AL.
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Figure 5. CL exceedance amount (unit: eq ha−1 yr−1 ) for the forest soil over the CONUS in 2000s based on the (a) CLmax (N), (c) CLmax (S),
and (e) CLmin (N) + CLmax (S) aggregated by using the maximum values of 12 km × 12 km grids at 1-km resolution, (b), (d), and (f ) are the
same but for 2050s.

rate due to the rising air temperature will increase the CL(A), which consequently increases the CLmax (S) and
CLmax (N). Therefore, since S deposition alone is not able to cause CL exceedance in 2050s with the original
CLmax (S) (see Section 3.2), it is obvious that S deposition alone will not cause any CL exceedance with the
updated CLmax (S) (Figure 6b). It also makes sense that CL exceeded areas caused by the N + S deposition
with the updated CLmin (N) + CLmax (S) will be fewer.

4. Conclusion
To our knowledge, this work is the ﬁrst to analyze the exceedance of N + S deposition to the forest soil
over the CONUS using output from multiple global climate-chemistry models in 2000s and 2050s. The
exceedance is assessed by the CL that considers both N and S depositions and the variety of surface types.
We also ﬁrst projected the future CL with respect to the increased air temperature under climate change.
The MMM from ACCMIP output shows a good agreement with observation for the wet NO3 − , NH4 + , and
SUN ET AL.
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Figure 6. CL exceedance amount (unit: eq ha−1 yr−1 ) for the forest soil over the CONUS in 2050s based on the updated (a) CLmax (N), (b) CLmax (S), and (c) CLmin (N) + CLmax (S) with the
consideration of increased temperature under climate change.

SO4 2− depositions in the previous work [Lamarque et al., 2013b] and the dry deposition comparison in this
study also indicates that MMM can represent the dry HNO3 , NH3 , and SO4 2− depositions well, except certain
overestimate for the dry SO2 deposition at low amount. Compared to the CL aggregated by averaging the 12
km × 12 km grids from 1-km resolution, all the forest soil over the CONUS receives N deposition higher than
CLmin (N), meaning that N deposition could not be neglected for the exceedance analysis. In 2000s, 10.32% of
the forest soil over the CONUS experiences N deposition higher than their corresponding CLmax (N) and the
highest CLmax (N) exceeded percent is in Northeast. For regions like Central, the CLmax (N) exceeded percent
may not be high but the exceedance amount can be larger than 500 eq ha−1 yr−1 . Totally 30.16% of the forest
soil over the CONUS is classiﬁed as CLmin (N) + CLmax (S) exceeded areas and the largest CLmin (N) + CLmax (S)
exceeded percent is in Central. It reveals that around three times more forest soil over the CONUS will exceed
the CL by considering the N + S deposition, which highlights the importance of involving S deposition in
this study. The ratio of N deposition over S deposition in 2000s also suggests the critical contribution of S
deposition when it decreases to 1.5 or less. Under the RCP 8.5 scenario, due to the strong reduction of projected NOX and sulfur emissions, there are fewer CLmax (N) and CLmin (N) + CLmax (S) exceeded areas in 2050s
and the exceedance amount is mostly lower than 400 eq ha−1 yr−1 .
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In addition, with respect to N deposition alone, the ratio of NOy deposition over NHX deposition is generally higher than 1 for most forest soil over the CONUS in 2000s, indicating that the NOy deposition is more
crucial. The national CLmax (N) exceeded percentages caused by NOy and NHX depositions are about 3.32%
and 0.06%, respectively. The ratio drops to smaller than 1 over several regions in 2050s and more forest soil
over the CONUS is adversely aﬀected by the NHX deposition, implying the relatively more importance of
NHX deposition. The projected high CLmax (N) exceeded percentages generally locate at the middle CONUS,
where agriculture is a strong source of NH3 emission. Regulating NH3 emission is therefore necessary considering the control purpose. It is also worth noting although the individual NOy or NHX deposition leads
to much fewer CLmax (N) exceeded areas than the summed N deposition, it could still harm the forest soil
considerably in the regions like East North Central.
The upper and lower bounds of deposition exceedance for the forest soil over the CONUS are also assessed
by using the minimum and maximum CL values of 12 km × 12 km grids from 1-km resolution, respectively. Applying the minimum values of CL will lead to 11.71, 2.74, and 2.85 times CLmax (N), CLmax (S), and
CLmin (N) + CLmax (S) exceed areas than applying the maximum values of CL in 2000s. By using the minimum
values of CL instead of the maximum ones, 32.69 and 29.93 times CLmax (N) and CLmin (N) + CLmax (S) exceed
areas are projected in 2050s. It indicates that the forest soil in many regions over the CONUS are under
the marginal threat of N, S, and N + S depositions and the results of CL exceedance can vary signiﬁcantly
from diﬀerent selections of CL, especially in 2050s. The impact of climate change on the analysis of CL
exceedance is further examined. Due to the projected nationwide increase of temperature in the future,
the values of CLmax (S) and CLmax (N) will consequently grow and thus contribute to even fewer CLmax (N)
and CLmin (N) + CLmax (S) exceeded areas. We think the results from this study, considering the inﬂuence of
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aggregation methods and climate change, can be used as a reference of exceedance range for the assessment of N, S, and N + S depositions to the policy- and decision-makers.
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