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Abstract In the late 1970s, historically high concentra-
tions of anthropogenic air pollutants in the United States
prompted the development of the National Atmospheric
Deposition Program/National Trends Network (NADP/
NTN). While much has been learned since program
inception, many long-term data sets have yet to be inter-
preted, the results of which will help guide changing
policies. Given the lack of studies in the Central Plains of
the Midwestern United States, spatial trends of the past
30 years are presented from ten NADP sites surrounding,
and including, Missouri, USA. Concentrations of calcium
were highest (0.40 mg/L) and lowest (0.14 mg/L) at north
and southeast sites, respectively, with a westward trend of
increasing concentration. Ammonium concentrations were
highest (0.67 mg/L) at northern NADP locations, with all
sites showing an average increase in concentration of 65 %
from 1984 to 2014, including south central Iowa which
showed an increase of 226 %. Sulfate concentrations were
highest for eastern sites (1.70 mg/L), but showed an overall
decrease of at least 50 % for all locations since the early
1980s. Nitrate concentrations decreased between 5 and
30 % for each site over the 30-year period. Alkalinity
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increased between 10 and 25 % from southern to northern
sites, respectively. When grouped into north—south, and
east—west regions, significant differences (p < 0.05) were
observed for all constituents, except potassium, between
each region. Data syntheses, such as that presented here,
advances understanding of long-term precipitation chem-
istry, thereby improving management strategies intended to
mitigate atmospheric chemical deposition.

Keywords National trends network - Central Plains
USA - Anthropogenic wet deposition - Atmospheric
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Introduction

In 1978, the National Atmospheric Deposition Program
(NADP) was initiated to collect wet-only (precipitation)
deposition samples and monitor the long-term trends,
concentrations, and geographic distributions of the chem-
ical composition of atmospheric precipitation, including
acids, nutrients, and base cations (Knapp et al. 1988). The
implementation of the NADP was possible due to funding
from the National Acid Precipitation Assessment Program
(NAPAP), which was charged with the task of supplying
improved understanding of acidic precipitation within the
continental United States. The NADP comprises five net-
works, including the National Trends Network (NTN), the
Atmospheric Integrated Research Monitoring Network
(AIRMoN), the Mercury Deposition Network (MDN), the
Atmospheric Mercury Network (AMNet), and the
Ammonia Monitoring Network (AMoN), established in
October of 1981, October of 1992, January of 1996,
October 2009, October 2010, respectively (SAES-422
2014). The NTN remains the largest North American
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network that provides long-term records of wet deposition
in the United States. Weekly composite samples are col-
lected by site operators and shipped to the Illinois State
Water Survey’s Central Analytical Laboratory (CAL),
located at the University of Illinois, Urbana-Champaign
(Martin et al. 2000). Results of analyses are in the public
domain and available from the NTN online database
(nadp.isws.illinois.edu/data/NTN).

The Midwestern United States has been historically
characterized with high emissions of acidic gases, and in
particular, oxides of sulfur and nitrogen (Seinfeld and
Pandis 1998; Lynch et al. 2000; Butler et al. 2001). The
Midwest was previously identified as a major contributor to
trans-boundary air pollution during acid rain negotiations
between Canada and the United States (Fay et al. 1986;
Kvale and Pryor 2006). Damage to Canadian lakes and
forests from acid rain precursors have been shown to have
a significant economic impact. Acid rain precursors consist
primarily of oxidation of sulfur and nitrogen oxides (SOx
and NOy). Those transformations generally occur slowly
resulting in deposition that may occur at great distances
from the source (Fay 1983). For example, previous esti-
mates indicated that trans-boundary flow of sulfur emis-
sions from the US into Canada is comprised 75 % of
Canadian emissions, whereas the US import is 6 %,

primarily from anthropogenic sources (Galloway and
Whelpdale 1980). Sources include biomass burning (Hile-
man 1990), and biogenic emissions (Guenther et al. 1989),
both of which have increased in atmospheric concentration
across the Midwestern United States in recent decades.
Despite this, since the enactment of several legislative
amendments of the Air Quality Act of 1967 (Public Law
90-148), national NO, and SO, emissions have decreased
by 15 and 33 %, respectively (EPA 2003).

Although many studies of atmospheric wet deposition
have been conducted in the Ohio River Valley (Lynch et al.
2000; Pryor et al. 2001; Baumgardner et al. 2002; Kvale
and Pryor 2006), the Northeastern US (Martin et al. 2000;
Elliot et al. 2007), and the Southeast (Grimshaw and
Dolske 2002), there is a lack of such studies in the Central
Plains region of the Midwestern United States. Addition-
ally, previous work showed that precipitation amount and
ion concentration are inversely proportional (Swank and
Crossley 1988). However, few studies have been conducted
that establish a clear connection between these two vari-
ables. Ultimately, little research has been conducted
regarding the long-term trends of precipitation chemistry
and atmospheric deposition over the Midwest. Given the
implied need, the overarching objective of this investiga-
tion was to identify the spatial trends of precipitation
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Fig. 1 National Atmospheric Deposition Program study site loca-
tions including: Ashland, MO (MOO03), University Forest, MO
(MOO05), Farlington, KS (KS07), Konza Prairie, KS (KS31), Mead,
NE (NEI5), McNay Research Cetner, IA (IA23), Monmouth, IL
(IL78), Dixon Springs, IL (IL63), Buffalo Point, AR (ARI6), and
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Fayetteville, AR (AR27). Sites were further grouped geographically,
indicated by the bolded black boxes as northern (NEI15, IA23, IL78),
eastern (IL78, IL63, MOO0S5), southern (MOOS5, ARI16, AR27), and
western (NE15, KS31, KS07)
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Fig. 2 Average calcium concentrations (mg/L) for each of the ten sites in the current study

chemistry data from ten NADP stations located in six
Midwestern United States centralized in and around Mis-
souri (Fig. 1). A sub-objective included comparing geo-
graphically grouped inter- and intra-specific differences in
pollutant concentrations. This work represents one of few
studies utilizing NADP/NTN long-term data to conduct a
regional analysis of atmospheric pollutants. This is par-
ticularly true for the Central Plains region of the Mid-
western United States and in particular, the state of
Missouri.

Methods

Data for the current study were obtained from the NTN
online database, and included datasets from Ashland, MO
(MO03), University Forest, MO (MOO0S5), Farlington, KS
(KS07), Konza Prairie, KS (KS31), Mead, NE (NE15),
McNay Research Center, IA (IA23), Monmouth, IL (IL78),
Dixon Springs, IL (IL63), Buffalo Point, AR (AR16), and
Fayetteville, AR (AR27) (Fig. 1). Weekly deposition data
were aggregated to annual averaged data and included
calcium (Ca), magnesium (Mg), potassium (K), sodium
(Na), ammonium (NH4), nitrate (NOsz), chlorine (Cl),

sulfate (SO,), and H" (pH) from January 1, 1984 through
December 31, 2014. Yearly aggregated data were used
instead of weekly data since multiple events are combined
by virtue of the weekly sampling regime, and meteoro-
logical information typically exhibits considerable vari-
ability (Shannon 1999). This approach, therefore, removed
any biases associated with different synoptic regimes
(Kvale and Pryor 2006), given that the concentration of
chemical species in wet deposition is inversely propor-
tional to the precipitation amount (Hansen et al. 1994;
Beverland et al. 1998; Garben et al. 2004). To further
account for this uncertainty, precipitation-weighted means
(mg/L) (Latysh and Wetherbee 2012) were used in place of
total wet deposition (kg/ha).

All NADP/NTN collectors are required to use an
AeroChem-Metrics wet deposition sampler and Belfort
5-780 Universal recording precipitation gauge. Despite
concern of missing light precipitation events by the wet
collector due to a delay (i.e. precipitation threshold) in
sampler opening (Pryor and Barthelmie 2005), the
overall NADP/NTN precision determined from collo-
cated samplers is thought to seldom exceed £20 %
(Nilles et al. 1994). Precipitation is collected when a
sensor detects motion of precipitation, which triggers
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Table 1 Percent difference of

. Site/constituent Ca Mg K Na NH, NO; Cl SO, H*

concentration from the

beginning of the study (1984 for 153 4125 9.09 278 —1685 8498 —487 —1594 —4723 1538

MOO03, MOO05, KS31, NEI5,

1L63. ARL6, and AR?7, 1985 MOO05 4244 1316 —4098 —3571 57.89 —12.03 —3542 —4556 13.17

for TA23 and KS07, and 1986 KS07 8341 1200 —20.69 789 11029 —7.17 942 —43.06 20.81

for IL78) to 2014 KS31 2708 —27.08 —2195 —5378 3634 —3672 —58.86 —49.97 20.52
NEI5 1941 —19.05 —1471 —29.87 4699 —22.12 —5746 —55.16 23.47
1A23 3098 1471 14545  —735 22611 —22.10 —2556 —51.60 2557
IL78 4364 1923 7059  29.63 5204 —3052 1705 —61.94 22.83
1L63 536 —18.75 357 —29.13 1630 —3373 —3423 —5483 13.21
AR16 1173 —21.21 833 —19.63 1801 —2279 —2824 —4323 934
AR27 232 —3235 —4250 -2661 374 —2854 —2097 —4735 9.88

Negative numbers indicate a decrease in concentration since the beginning of the study

Fig. 3 Average ammonium
concentrations (mg/L) for each NE15
of the ten sites in the current
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removal of a cover thus allowing precipitation to pas-
sively fall in the underlying container. This pre-sterilized
container is collected once-weekly by a site operator,
precipitation is bottled and shipped (using sterile han-
dling techniques) to the Illinois Survey’s Central Ana-
lytical Laboratory (CAL), located at the University of
Illinois, Urbana-Champaign (Martin et al. 2000). For
more information about field and lab methods, the reader
is referred to the NTN program website: http://nadp.
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isws.illinois.edu/ntn/. The dates for the current study
ranged from the beginning of the calendar year 1984 to
the end of 2014 (i.e., 30 years), coinciding with the
National Ocean and Atmospheric ~Administration
(NOAA) and World Meteorological Organization
(WMO) definitions of a climatological study. Three of
the sites, KSO07, IA23, and IL78, were installed within
2 years after the beginning of calendar year of 1984 with
29-, 29-, and 28-year time-series, respectively. Thus, for
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all sites, excluding KSO7, IA23, and IL78, the number of
years analyzed was 30 (n = 30).

To improve the sensitivity of emission-related trend
detection in concentrations, regional averaging was con-
ducted to significantly reduce the effect of small-scale
natural spatial variability (Renne et al. 1991; Shannon
1999). Sites were divided between western (NE15, KS31,
and KSO07), eastern (IL78, IL63, and MOO0S5), northern
(TA23, IL78, and NE15) and southern (AR16, AR27, and
MOO05) regions similar to previous studies (Venkatram
et al. 1990; Renne et al. 1991) (Fig. 1). Such an approach
reduces potential biases due to climatological variability, in
particular, changes in seasonal intensity and frequency of
precipitation (Shannon 1999). Data were tested for any
violations of linearity using the Anderson—Darling test
(Anderson and Darling 1952), collinearity through variance
inflation factors (Antanasijevic et al. 2014), and
homoscedasticity through the variance (square of the
standard deviation). There were no geographic locations
(north, south, east, or west) that significantly (CI = 0.10)
violated these assumptions, allowing for the analyses to
proceed without data transformations. Standard descriptive
statistics were complemented by analysis of variance
(ANOVA) and post hoc Tukey—Kramer multiple compar-
ison tests were implemented to test whether significant

differences existed within and between each constituent
group. (Tukey 1953; Kramer 1956; Kleinbaum et al. 2007).

Results and discussion

The highest average concentration of calcium was
0.40 mg/L for both KS31 and NE15, the two western-most
sites (Fig. 2). Maximum values over the 30-year period
were detected at KS31 (0.68 mg/L) and 1A23 (0.67 mg/L),
occurring in 2012 and 1988, respectively, whereas site
KS31 had the highest standard deviation of calcium con-
centration (0.11 mg/L). The lowest concentration of cal-
cium was observed at two southeastern sites, MOO5 and
AR16 (0.14 mg/L) which were also observed to have the
smallest average calcium concentrations (0.09 mg/L). For
all sites (excepting AR27, Fayetteville, Arkansas), calcium
deposition increased over the 30-year period (Table 1). For
example, concentration of Ca increased by approximately
85 % at KSO7, but only 5 % at IL63, indicating a possible
westward trend of increasing calcium concentration in
precipitation. While it may not explain a westward trend, it
is worth noting that this finding may be linked, in part, to
the observation that the o-rings in the buckets used for
shipping weekly samples prior to 1994 may have altered
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Fig. 5 Average potassium
concentrations (mg/L) for each NE15
of the ten sites in the current . 1A23
study
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calcium ion concentration, particularly in low-volume
samples, as shown by James (1992). A westward increasing
trend of calcium concentrations may also be attributable to
an increase of annual precipitation in the Midwestern states
(Livezey et al. 2007).

The highest average ammonium concentrations were
0.47, 0.49 and 0.67 mg/L for IL78, IA23 and NEIS,
respectively (Fig. 3). These sites also had the highest
maximum ammonium values of 0.61, 0.73, and 0.99 mg/L
in 2012, 1988, and 2011, respectively. Conversely, the
southern-most sites, AR16, MOO05, and AR27, had the
lowest average ammonium concentrations of 0.21, 0.25,
and 0.30 mg/L, respectively. These trends appear to cor-
respond to regional precipitation regimes. For example,
average precipitation at IL78, IA23, and NEI5 was
approximately, 97, 86, and 71 cm/year, respectively,
whereas for AR16, MOO0S5, and AR27, precipitation aver-
aged approximately, 122, 117, and 102 cm/year, respec-
tively. In drier regions, such as observed at northern sites,
ammonium ions are more readily volatized from soil into
the atmosphere (Elliot et al. 2007), resulting in more dry
deposition relative to wet deposition. This relationship was
shown to be related to decreased species diversity and
vegetation productivity (Erisman et al. 2007). Additionally,
as noted by Nilles and Conley (2001), ammonium
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concentrations in precipitation increased in the Northeast
between 1981 and 1998, which is postulated to be due in
part to the growth in animal husbandry that has spread
further into Midwestern states (Pryor et al. 2001). This
observation is further validated in that no site recorded a
decrease in ammonium concentration over the 30 years
period of study (Table 1). In fact, IA23 recorded a 226 %
increase in ammonium from 1985 to 2014 whereas AR27
showed the least increase (3.74 %) in ammonium from
1985 to 2014.

The Midwestern United States was previously identified
with high emissions of acidic gases, specifically oxides of
sulfur (Shannon 1999; Lynch et al. 2000). Results of the
current work support previous findings (Table 1; Fig. 4)
suggesting that sulfate concentrations remain the highest of
the constituents measured by the NADP for each of the ten
locations analyzed in the current work (excluding H', a
measure of pH). The highest concentrations of Sulfate were
1.81 and 1.56 mg/L from the southern and northern Illinois
sites (i.e., IL63 and IL78), respectively. This finding is in
general agreement with those of Baumgardner et al. (2002)
who showed that Illinois ranked among the highest of
states in the United States in terms of nitrate emissions.
Higher values of sulfate were previously attributed to
increased number of fossil-fuel burning facilities
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Fig. 6 Average sodium
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(Grimshaw and Dolske 2002). Notably, while Holland
et al. (2004) suggested that mean annual sulfate emissions
decreased between 31 and 44 % within the central Ohio
Valley region as measured by Clear Air Status and Trends
Network (CASTNet) sites between 1990 and 1999, the
results presented here show a decrease of only 10 and 5 %
from IL78 and IL63, respectively. The difference between
study results may be attributable, at least in part, to above
average rainfall in Illinois during the latter-half of the
2000s. Additionally, other eastern sites, including MOO0S5
and IA23 recorded annual concentrations of ammonium of
1.28 and 1.26 mg/L, respectively. The southern-most sites,
AR16 and AR27, had the lowest concentrations of sulfate
(0.98 and 0.97, respectively), consistent with previous
studies that showed greater deposition of sulfate in the
northern and eastern states (Seinfeld and Pandis 1998;
NADP/NTN 2003; Kvale and Pryor 2006). Ultimately,
each site reported an average decrease in sulfate concen-
trations by approximately 50 % over the past 30 years,
with IL78 and IL63 recording the largest overall changes
(62 and 55 %, respectively) (Fig. 2). Concentration of
nitrate was another constituent of great concern, providing
impetus for Phase I and Phase II of the Title IV Acid
Deposition Control, a division of the Air Quality Act of
1967 and its subsequent amendments (Public Law 101-549,

November 15, 1990). As a result, NO, emissions decreased
nationally by 15 % between 1983 and 2002 (EPA 2003).

The current work updates previous findings and includes
an additional 12 years of data. During this time, each site
reported further decreases in nitrate concentration ranging
from 5 % at MOO5 to 37 % at KS31. The highest con-
centration of nitrate was recorded at the northern sites
TA23, IL78, and NE15with values of 1.89, 1.75, and
1.74 mg/L, respectively. The southern sites, AR16 and
AR27, recorded the lowest nitrate values of 1.03 and 1.02,
respectively (Table 1). These results show a northeastward
trend of increasing nitrate concentration, attributable, in
part, to either the proximity of combustion plants, light-
ning, biogenic soil processes, or automobile emissions
(Galloway et al. 2003; Elliot et al. 2007).

The average values of both magnesium and potassium
did not exceed 0.04 mg/L for any of the ten sites, and did
not show any spatial patterns between the 10 sites. There
was, however, an observable trend of decreasing average
potassium concentrations towards the west, while south
eastern sites generally recorded increased concentrations
of potassium (Fig. 5).

Sodium and chlorine decreased from 7 to 53 % at each
site over the 30-year period, with the exception of KSO7
which showed a sodium concentration increase of 7.89 %
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Fig. 7 Average hydrogen ion
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and IL78, which recorded an increase of chlorine concen-
tration of 17.05 %. There was a southward increasing trend
of sodium concentration, presumably related to the prox-
imity to the Gulf of Mexico (i.e., the sea; Fig. 6). Addi-
tionally, the greatest decrease in sodium over the 30-year
period was at KS31 (53.78 %) while the least decrease in
sodium was at IA23 (7.35 %). An increase in the alkalinity
of precipitation was detected for each site, ranging from
10 % (AR16 and AR27), to 25 % at IA23. The most acidic
rain, based on lowest average pH, was recorded at MOO5
and IL63, two southeastern locations, with values of 4.76
and 4.62, respectively. MOO3 and AR16 were the only two
sites with pH values below 5.00 (4.95 and 4.89, respec-
tively). Additionally, there was an observable eastward
decreasing trend in pH across the study area (Fig. 7).

Geographically grouped sites: inter-specific
differences

Northern sites (Fig. 1) had higher annual average concen-
trations of calcium (0.36 mg/L), magnesium (0.03 mg/L),
ammonium (0.55 mg/L), nitrate (1.27 mg/L), and sulfate
(1.35 mg/L) with a difference of means of 0.202, 0.001,
0.293, 0.411, and 0.270 mg/L, respectively (Fig. 8). Con-
versely, the southern sites had higher concentrations of

@ Springer

potassium (0.04 mg/L), sodium (0.09 mg/L), and chlorine
(0.15 mg/L) with a difference of means of 0.004, 0.032,
and 0.054 mg/L, respectively. The mean H* concentrations
in the north and south were 5.364 and 4.917 mg/L,
respectively. This produced a difference of means of 0.348,
resulting in a significant difference in hydrogen ions
between the north and south regions (p < 0.001), in addi-
tion to all other constituents measured with the exception
of potassium (p = 0.091). Magnesium (p = 0.007) and
nitrate (p = 0.010) showed slightly significant p values,
whereas calcium, sodium, ammonium, chlorine, and sulfate
all showed highly significant differences (p < 0.001) for
eastern-western comparisons. Potassium also varied spa-
tially insignificantly (p = 0.442), indicating K concentra-
tions are not variable over the Midwest.

Resultant trends are consistent with the findings of
Parungo et al. (1990) and Ceron et al. (2002) who showed
that coastal regions exhibit higher concentrations of
sodium and chlorine. Lloyd (2010) also concluded that
fluxes of sodium in the northern part of the Midwest were
generally low (5-10 g Na ha~' week™'), whereas areas
closer to the coastline had sodium deposition in excess of
40 g ha™' week™'. This correlates well with the results
presented in that the southern sites (i.e., sites closer to the
ocean) had higher concentrations of sodium and chloride.
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Fig. 8 Box-and-whisker plots
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Results from Grimshaw and Dolske (2002) showed sodium
concentrations in Florida to be between 14.5 and 19.5 peq/L.
Results presented here indicate continental sodium con-
centrations of 3.32 and 5.23 peq/L for northern and
southern sites, respectively. Thus, Lloyd (2010) found so-
dium concentrations in coastal regions to be approximately
four times greater than inland regions, which is consistent
with the results presented here and those provided by
Grimshaw and Dolske (2002). Lloyd (2010) further showed
that sodium and chloride fluxes are not efficiently assimi-
lated by rain, thereby resulting in significant differences
between geographic locations.

_._ — '
K Na NH4 NO3 a S04
Constituent

The observation of higher ammonium concentrations in
the northern sites is consistent with the findings of Nilles
and Conley (2001) who noted greater ammonium deposi-
tion in the Midwest due to increased animal husbandry.
Converting the results presented here from mg/L to peq/L
resulted in average ammonium concentrations for northern
and southern sites to be 30.30 and 19.59 peq/L, respec-
tively. These results are somewhat lower than results found
by Martin et al. (2000) who reported ammonium concen-
trations of 30—40 peq/L for a forested ecosystem in New
Hampshire. The discrepancy in concentrations may be
attributable to weather systems that propagate over oceanic
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Fig. 9 Sulfate concentrations in
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waters and thus tend to exhibit lower concentrations of
ammonia. For example, Junge and Gustafson (1958) and
Brezonik et al. (1983) found ammonium concentrations in
Florida to be 0.04 and 0.07 mg/L, respectively. A more
recent study by Grimshaw and Dolske (2002) showed the
average ammonium concentration in Florida to be,
approximately 0.108 mg/L.

Sulfate concentrations have been noted to be decreasing
since Phase I of Title IV of the Clean Air Act Amendments
(Lynch et al. 2000; EPA 2003; Kvale and Pryor 2006;
Table 1). Results from the current work corroborate this
observation in that the largest decreasing trends in sulfate
occur from 1980 to 2014 coinciding with that period of time
(Fig. 9). While this observed trend is prevalent, most
researchers have conducted their analyses based on deposition
of sulfate rather than measuring concentrations independent
of precipitation amounts. Martin et al. (2000) provided one of
the few studies where results show sulfate concentrations
between, approximately, 30 and 60 peq/L. In the current
work, the Eastern sites (IL78, IL63, and MOOS; Fig. 10)
showed the highest concentrations of sulfate (83.870 peq/L),
whereas results from southern sites (MOO05, AR16 and AR27)
more closely resembled the results presented in Martin et al.
(2000) (59.665 peq/L). Differences between study results
could be due to, at least in part, to geographic location and
land-use. For example, Martin et al. (2000) conducted their
study in a forested ecosystem, similar to the NADP sites
located at Ashland, MO (MOO03), University Forest, MO
(MOO05), and Buffalo Point, AR (AR16).

For all sites, with the exception of IL63, there was a
positive correlation between mean annual temperature and
concentration of calcium (Table 2), whereas all NADP
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sites showed a positive correlation for hydrogen ions and
ammonium. Conversely, there was a negative correlation
between mean annual temperature and sodium concentra-
tion between all 10 sites. The Ashland, Missouri site
(MOO03) was the only location where chlorine was not
negatively correlated to mean annual temperature. There
was, however, a variable but negative correlation between
ion concentration and precipitation amount (Table 3),
similar to that reported by Swank and Crossley (1988).
Conversely, as the amount of precipitation recorded by an
NADP station increased, the pH of the precipitation tended
to increase as well (Table 3). While the mechanics of these
observations are beyond the scope of the current work,
future studies should include comparisons of precipitation
amount to concentration over larger domains to better
explain relationships observed in the current work.

Geographically grouped sites: intra-specific
differences

The only constituent that did not produce a significant
p value (CI = 0.05) for the western sites (KS31, NE15, and
KS07) was sulfate (p = 0.277). Concentrations of calcium
were significantly different (p < 0.001) between KS07 and
NE15, and KSO7 and KS31. Potassium, sodium, and H"
concentrations showed significant differences between both
KS31 and NEI15 (p = 0.002, 0.004, and 0.001, respec-
tively), and KSO7 and NEI15 (p = 0.010, p < 0.001, and
p < 0.001, respectively). The p value for the two Kansas
locations for sodium and H" was slightly non-significant at
0.071 and 0.066. Ammonium, nitrate, and chlorine depo-
sition were all significantly different for the three possible
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Fig. 10 Descriptive statistic
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pair-wise groupings between the western sites of Konza
Prairie (KS31), Mead (NE15), and Farlington (KSO07).
Ammonium deposition has been noted to be highest in the
Midwest and variable across relatively small domains (as
shown here), mostly due to food production and chemical
N fertilizer applications (Du et al. 2014). Concentrations of
ammonia have also been shown to comprise a significant
fraction of the total nitrogen flux to forested ecosystems
(Lindberg et al. 1990; Langford and Fehsenfield 1992). In
the current work, the highest average concentrations of
ammonium were at Mead, Nebraska, an agriculturally
dominant location. This finding may be related to the

=

Na NH4 NO3 a SO4

relatively high pH at NE15 (pH = 5.57; Table 1) which,
when reacted with the soil, may act as a sink of ammonium
(Menzi et al. 1998).

Calcium, sodium, nitrate, chlorine, and H" showed a
significant difference (p < 0.001) between the eastern sites
IL63 and IL78, as well as IL78 and MOO5. Magnesium and
ammonium deposition were also significantly different
between all three sites. Potassium and sulfate concentra-
tions were spatially similar for the two Illinois locations,
with p values of 0.804 and 0.467 mg/L, respectively.
Despite results indicating significant differences of sulfate,
nitrate, and ammonium between 1L63, IL78, and MOOS5,

@ Springer
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Table 2 Correlation coefficient

. Site/constituent Ca Mg K Na NH, NO; Cl SO, H+

value between ion

concentrations and mean annual 163 0.09 0.17 —0.13 —003 0.09 —0.13 023 —023 0.16

temperature from the beginning

of the study (1984 for MOO3, MO05 0.30 021 —0.01 —021 027 003 —021 —0.12 021

MO05, KS31, NE15, IL63, KS07 0.15 0.06 019 —0.14 018 —007 —0.13 —021 0.16

AR16, and AR27, 1985 for KS31 024 —0.04 —0.17 —020 0.8 007 —-0.16 —0.06 0.03

IA23 and KS07, and 1986 for 7 B B 3 B

1L78) to 2014 NE15 0.26 0.02 0.06 0.18  0.37 0.01 0.26 028 046
1A23 0.23 016 —0.12 —0.19 028 033 —0.10 023  0.02
IL78 0.40 0.36 001 —028 0.17 007 —021 —0.01 0.10
IL63 —-020 —023 —0.13 —040 003 —0.18 —033 —028 026
AR16 000 —0.18 —022 —015 0.0 —0.14 —0.05 —023 0.13
AR27 015 -011 —0.15 —023 0.18 —0.08 —020 —0.19 026

Table 3 Correlation coefficient ;o /concituent Ca Mg K Na NH, NO; Cl SO, H+  Precip

value between ion

concentrations and mean annual 13 —045 —046 —029 -0.33 —0.14 —034 —037 023 054 1040.68

precipitation from the beginning

of the study (1984 for MOO3, MO05 001 003 025 041 —0.02 —022 040 —0.16 0.15 1230.36

MO005, KS31, NE15, IL63, KS07 -059 —039 —024 —002 —-044 —064 —005 —037 0.01 1150.74

AR16, and AR27, 1985 for KS31 —041 —024 -0.15 —-006 —022 —034 —0.07 —0.09 —0.10 830.59

IA23 and KS07, and 1986 for NEIS —040 -022 -0.14 —027 -035 -058 —0.13 —033 0.1 700.71

IL78) to 2014
1A23 —0.56 —043  0.18 —022 —028 —063 —0.19 —041 015 900.71
IL78 —-049 —0.51 —026 —024 —0.14 —051 —027 —044 028 860.98
IL63 —021 —0.10 —0.13 006 —0.09 —039 0.02 —036 027 134045
AR16 0.17 021 023 021 007 —-027 023 —-025 029 1080.18
AR27 -032 —0.01 —0.08 021 —040 —-032 028 —0.04 —0.14 1130.01

Precip average precipitation over the study period for each station (mm)

Kvale and Pryor (2006) suggested these ions may have a
common source linked to synoptic-scale climate systems
that propagate over the Ohio River Valley region. Results
show a positive correlation between mean annual temper-
ature and concentration of ammonium (Table 2), consistent
with the findings of Ciezka et al. (2015).

Unlike the eastern grouped sites, magnesium, sodium,
nitrate, and chlorine were not significantly different
(p < 0.05) among the northern sites (NE15, IA23, and
IL78). Conversely, hydrogen ions were found to be sig-
nificantly different between all site combinations
(p < 0.006). Ammonium concentrations were significantly
different between NE15 and IA23, and NE15 and IL78
(p < 0.001), but were statistically insignificant between the
two northeastern sites (IL78 and 1A23; p = 0.850). Cal-
cium, potassium, and sulfate ions were found to be dif-
ferent (p < 0.05) for the pairing of sites with Monmouth
(i.e., IL78 with NE15 and IA23), the northeastern-most
location. The differences in these constituents may be due,
in part, to anthropogenic dusts and fertilizer application in
agricultural fields (Ciezka et al. 2015). It is of interest to
note that fertilizers containing these ions, including
potassium chloride, are also capable of degassing

@ Springer

potassium back into the atmosphere when not absorbed
into the soil (Du et al. 2014).

No significant differences were recorded between any of
the sites for sodium coinciding with the results of Lloyd
(2010) who showed that sodium concentrations tend to be
highly variable inland of coastal regions, since the southern
sites are nearest the ocean. The current work shows sodium
and chlorine concentrations were highest at the southern
locations, including IL63, consistent with findings from
Parungo et al. (1990) and Ceron et al. (2002). Conversely,
ammonium concentrations were significantly different for
each pairing of sites (p < 0.001). Chlorine concentrations
were found to be significantly different for MOOS and
AR15 (p = 0.039). Calcium, potassium, and hydrogen ions
were significantly different between AR27 and AR16, and
MOO05 and AR27. Conversely, magnesium, nitrate, and
sulfate concentrations were different between the combi-
nation of sites which included University Forest (i.e.,
MOO05 and AR27, and MOO5 and AR16).

Cautions pertaining to the results of the current work
include the potential for o-rings in the buckets used for
shipping to alter the calcium concentrations, particularly in
low-volume samples (James 1992). It was previously
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showed that from 1979 to 1987, concentrations of Ca, Mg,
Na, K, SOy, Cl, and pH were affected by the o-rings from a
blind audit sampling program conducted by the United
States Geological Survey (USGS), thus skewing sample
results during that time. In addition, given potential under
catch problems due to inaccurate precipitation sensor sen-
sitivity thresholds (see “Introduction”), future research
might include different or additional precipitation devices
to identify the accuracy limitations of currently used pre-
cipitation apparatus opening and closing to eliminate pos-
sible under catch issues (Martin et al. 2000).

Conclusions

Historically high concentrations of anthropogenic air pol-
lutants in the Midwestern United States prompted a cli-
matological (i.e., 30-year) study of several constituents as
measured by the National Atmospheric Deposition Pro-
gram/National Trends Network (NADP/NTN). Spatial
trends were assessed for ten NADP sites including: Ash-
land, MO (MOO03), University Forest, MO (MOO05), Far-
lington, KS (KS07), Konza Prairie, KS (KS31), Mead, NE
(NE15), McNay Research Center, IA (IA23), Monmouth,
IL (IL78), Dixon Springs, IL (IL63), Buffalo Point, AR
(AR16), and Fayetteville, AR (AR27). Each site was ana-
lyzed based on standard descriptive statistics in addition to
percent increase or decrease from the beginning (January 1,
1984) to the end of the study (December 31, 2014). Yearly
aggregated concentrations were used to alleviate variability
in synoptic-scale weather (Shannon 1999). The highest and
lowest concentration levels of Ca were recorded at KS31
and NE15, and MOO05 and AR16, the two western-most and
southeast sites with values of 0.40 and 0.14 mg/L,
respectively. The highest ammonium concentrations were
recorded at the northern sites: IL78, IA23, and NE15, with
NEI15 being the largest of 0.67 mg/L, presumably, at least
in part attributed to increased animal feedlots since the
1980s (Pryor et al. 2001). None of the 10 sites recorded a
decrease in ammonium over the 30-year study, consistent
with the findings of Nilles and Conley (2001) who
observed that NH, concentrations in precipitation have
increased between 1981 and 1998 in the northeast. In some
instances, such as at IA23, a 226 % increase in ammonium
concentration was observed from 1985 to 2014. Sulfate
concentrations were highest in the eastern sites of IL63 and
IL78, consistent with the findings of Baumgardner et al.
(2002). Each site (n = 10) recorded a decrease of sulfate
values by at least 50 % during the 30-year period. Addi-
tionally, nitrate concentrations decreased 5-30 % for each
site. An increase in alkalinity was observed at each site,
ranging from 10 % (AR16 and AR27) to 25 % (IA23). The

lowest average pH values were recorded at the southeast
locations of MOO5 (4.76) and 1L63 (4.62).

In addition to individual site statistics, each site was
grouped into either a northern-southern, or eastern-western
region showing a significant difference (p < 0.001) for
each ion, excluding potassium (p = 0.092 and p = 0.442
for north-south and east-west regions, respectively, and
thus significant (CI = 0.05) spatial heterogeneity of sev-
eral important atmospheric wet-deposition constituents
within the Midwestern United States. Results presented
here immediately improve the understanding of differences
and similarities in spatial precipitation chemistry, allowing
for improved management plans and policy in the Mid-
western US, as well as inter-site precipitation trends that
are continentally (and globally) connected.
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