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Abstract Atmospheric ammonia (NH3) has increased dramatically as a consequence of the production of
synthetic nitrogen (N) fertilizer and proliferation of intensive livestock systems. It is a chemical of
environmental concern as it readily reacts with atmospheric acids to produce fine particulate matter and
indirectly contributes to nitrous oxide (N2O) emissions. Here, we present the first tall tower observations of
NH3 within the U.S. Corn Belt for the period April 2017 through December 2018. Hourly average NH3

mixing ratios were measured at 100 and 56 m above the ground surface and fluxes were estimated using a
modified gradient approach. The highest NH3 mixing ratios (>30 nmol mol−1) occurred during early spring
and late fall, coinciding with the timing of fertilizer application within the region and the occurrence of
warm air temperatures. Net ecosystem NH3 exchange was greatest in spring and fall with peak emissions of
about +50 nmol m−2 s−l. Annual NH3 emissions estimated using state‐of‐the‐art inventories ranged from 0.6
to 1.4 × the mean annual gross tall tower fluxes (+2.1 nmol m−2 s−1). If the tall tower observations are
representative of the Upper Midwest and broader U.S. Corn Belt regions, the annual gross emissions were
+720 Gg NH3‐N y−1 and +1,340 Gg NH3‐N y−1, respectively. Finally, considering the N2O budget over the
same region, we estimated total reactive N emissions (i.e., N2O+NH3) of approximately 1,790 GgN y−1 from
the U.S. Corn Belt, representing ~23% of the current annual new N input.

1. Introduction

Agricultural systems are having a profound influence on the global nitrogen (N) cycle and the flux of
reactive nitrogen (Nr) between the biosphere and atmosphere (Erisman et al., 2008; Sutton et al., 2013;
Zhang et al., 2015). The massive increase in synthetic N fertilizer has caused global emissions of ammonia
(NH3) to increase nearly 500% during the 20th century (Bouwman et al., 2013) and that trend is expected
to accelerate through the 21st century (Ciais et al., 2013). Ammonia is a chemical of significant environ-
mental concern as it readily reacts with atmospheric acids to produce fine particulate matter (PM2.5); it is
thus linked to human health impacts with agricultural emissions costing the United States approximately
$36 billion (2006 USD) annually (Paulot & Jacob, 2014). Ammonia also has deleterious effects on natural
terrestrial and aquatic ecosystems (Britto & Kronzucker, 2002; Fangmeier et al., 1994; Sheppard et al.,
2011). Furthermore, NH3 deposition can also indirectly enhance nitrous oxide (N2O) emissions (Pinder
et al., 2013). The development of regulations to reduce PM2.5 and NH3 emissions in the United States
is under consideration and will require improved understanding of NH3 sources, sinks, and transport pro-
cesses (Felix et al., 2017; Schwede et al., 2016).

Knowledge regarding the NH3 budget of the U.S. Midwest and Corn Belt has lagged behind that for N2O.
Based on satellite observations, the U.S. Midwest has been identified as a global hotspot for NH3 emissions
(Paulot et al., 2014; Shephard et al., 2011; Van Damme et al., 2014, 2015). The estimated source strength is on
the order of 500 Gg NH3‐N y−1 and is comparable in magnitude to the N2O‐N budget for the region (Chen
et al., 2016; Griffis et al., 2013, 2017; Van Damme et al., 2014). However, we are unaware of any systematic
tall tower‐based systems that have been used to measure fluxes to help verify such estimates.

The mosaic of crops, natural ecosystems, and high density of dairy, beef, swine, and poultry operations
within the Corn Belt is likely to produce high spatial and temporal heterogeneity of NH3 sinks and sources.
Point source emissions of NH3 from livestock farms are subject to significant dry deposition within tens of
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kilometer from the source, which can later be volatilized (Asman et al., 1998; Loubet et al., 2006; Vogt et al.,
2013; Walker et al., 2014). Given such spatiotemporal heterogeneity in the NH3 bidirectional exchange,
bottom‐up budgets remain highly uncertain (Bash et al., 2013; Schlesinger, 2009; Sutton et al., 2013),
and tall tower top‐down approaches could provide a powerful constraint on these emission estimates.
Indeed, a recent 28‐day campaign from the Boulder Atmospheric Observatory tall tower (Colorado,
USA) has provided novel insights regarding the large dynamic range of atmospheric NH3 mixing ratios
(i.e., below detection limit to 192 nmol mol−1) and positive and negative vertical gradients indicating
both NH3 net sink and source behavior depending on air mass and environmental characteristics
(Tevlin et al., 2017).

The objectives of this paper, therefore, were to obtain insights regarding the regional (i.e,. within the U.S.
Corn Belt) behavior of NH3 mixing ratios and fluxes and to constrain the annual budget based on high tem-
poral resolution tall tower observations. Here, we address these objectives using mean hourly observations
collected from a tall tower in southern Minnesota over the period April 2017 to December 2018.

2. Methods
2.1. Study Site

The University of Minnesota tall tower trace gas observatory is located about 25‐km south of the Saint
Paul—Minneapolis Metropolitan area in the Upper Midwest, United States (KCMP radio tower, 44° 41′
19″ N, 93° 40′ 22″ W; 290 m ASL). The landscape is highly heterogeneous with agricultural lands predo-
minant to the east, south, and west. Detailed land use statistics, as a function of distance and direction
from the tall tower site, have been reported previously (Griffis et al., 2013; Zhang et al., 2014). Land
use characteristics for wind and air masses originating from 30 to 290 degrees are dominated by corn
(28%), soybean (18%), grassland (23%), woodlands (12%), wetlands (10%), and open water (6%; Griffis
et al., 2010). These land use statistics are typical of the Corn Belt (Zhang et al., 2014). Further, there
are a number of major livestock facilities located within 50 km of the tall tower, with total cattle, hog,
and poultry populations of approximately 190,000, 232,000, and 434,000, respectively (Minnesota
Pollution Control Agency, 2015).

2.2. Ammonia Mixing Ratio Observations

The KCMP tall tower has been instrumented with meteorological and trace gas sensors since April 2007.
Carbon dioxide, water vapor, nitrous oxide, and methane have been measured at sample heights of 32, 56,
100, and 185 m (Griffis et al., 2013; Griffis et al., 2016; Zhang et al., 2014). Turbulence is measured at 100
and 185 m using sonic‐anemometers (model CSAT3; Campbell Scientific Inc. Logan, Utah). Near‐
continuous measurement of NH3 mixing ratios was initiated in March 2017 using an off‐axis cavity
ring‐down spectrometer (EAA‐30‐EP, Los Gatos Research [LGR], San Jose, CA, USA) with an enhanced
thermal stability option to reduce measurement drift. The manufacturer's reported measurement NH3

noise (1 σ) is <0.2 nmol mol−1 for an integration period of 100 s. Based on our own calibrations, using
a custom NH3 permeation device at the field site, we calculated an Allan deviation of 0.24 nmol mol−1

for an integration period of 100 s (supporting information, Figure S1). Note that some thermal instability
in the calibration device can contribute to this instrument noise estimate. Based on sampling from a
large (240 L) buffer volume, with near constant NH3 mixing ratio, the LGR measurement noise reached
a minimum of <0.19 nmol mol−1 for an integration period of about 600 s and remained relatively low (<
0.26 nmol mol−1) for an integration period exceeding 1 hr (Figure S2). Our automated calibration strat-
egy was performed to check the zero each hour and the span once per week. This analyzer also measures
water vapor mixing ratio, which was used here as a performance diagnostic and was compared with
simultaneous measurements from an infrared gas analyzer (LI‐7000, Li‐Cor Inc., Lincoln, NB, USA)
system (Figure S3).

Through laboratory testing of the NH3 analyzer we observed spectral interference between the water vapor
and NH3 channels, where an increase in water vapor mixing ratio caused an increase in the recorded NH3

mixing ratio. This type of spectral interference has been observed in similar analyzers used to measure
NH3 and stable isotopes of carbon dioxide (Martin et al., 2016; Xu et al., 2017). Here, we characterized and
corrected for this water vapor dependence based on a series of calibration tests with varying water vapor
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mixing ratios. Specifically, we supplied amixing ratio generator (Baker &Griffis, 2010) with ultra‐zero dry air
and slowly increased the water vapormixing ratio. The NH3 analyzer sampled this air stream continuously at
1.5 SLPM. Figure S4 illustrates the influence of water vapor on the NH3 measurement. Based on linear
regression, the sensitivity of NH3 to water vapor was approximately 0.41 ± 0.11 nmol mol−1 per mmol
mol−1 of water vapor (r2 = 0.75, p = 0.007). We have corrected the tall tower NH3 measurements according
to this sensitivity. The water vapor interference correction had a small influence on the absolute mixing
ratios measured at both tall tower sample levels, and therefore, very little influence on the flux‐gradient esti-
mates described below.

To facilitate the tall tower NH3 sampling we installed new Teflon sample lines (TPH0308‐063 PFA 3/8
“ID × 1/2”OD, Jensen Inert Products, Coral Springs, FL, USA) at 100 and 56 m above the ground on 21
March 2017. The two sample lines had an identical total length of 130 m in order to maintain consistent flow
rate and sample air pressure in both lines and to minimize the potential for differential effects of tubing wall
interactions (adsorption/desorption) on NH3. A similar strategy using long (100 m) polyethylene sample
lines was used to measure NH3 fluxes over multiple agricultural plots (Warland et al., 2001). Teflon filter
holders (12,009‐4 m‐147‐4 m PFA filter 47 mm × 1/4“MNPT × 1/4” MNPT tefzel clamp, Jensen Inert
Products) were installed at the inlets on the tower and before the subsample manifold located upstream of
the NH3 analyzer. Sample lines were insulated with dense foam and heated using heat tape (Chromalox
SRL, UT, USA) from the base of the tower to the manifold that was housed in a climate controlled building
to prevent condensation. Further, a second set of Teflon lines were installed that permit injection of gas stan-
dards from the base of the tall tower to the 56‐ and 100‐m sample inlets using Teflon tee connectors. This was
designed for diagnostic testing of the sampling system and analyzer and to periodically estimate the flux
noise (flux detection limit) of the system. Air was pulled continuously down the sample lines at a flow rate
of 8 SLPM and subsampled by the LGR analyzer at 1.5 SLPM. The sampling sequence consisted of 1) sam-
pling of the 100‐m level for 120 s; 2) sampling the 56‐m level for 120 s); 3) sampling ultra‐pure dry air once
per hour; and 4) span calibration once per week using a thermostatically controlled permeation device. The
custom built calibration device consisted of a thermostatically controlled Teflon block with a channel fitted
with an NH3 permeation tube (Ammonia Wafer Device Type 60F3, VICI Metronics, Poulsbo, Washington,
USA with total permeation rate of 25 ng per min, certified rate at 35 °C is ±2 ng) connected to a water vapor
mixing ratio generator (Baker & Griffis, 2010).

Lagged covariance time series analyses were performed to examine if there were any significant lag effects
associated with the adsorption and desorption of NH3 to the Teflon sample lines. These analyses showed
a pronounced peak in covariance observed at a sample lag of 0 hr for NH3 measured at the 100‐ and 56‐m
levels. Further, there was a well‐defined peak with maximum covariance at a sample lag of 0 hr among
NH3 and water vapor and NH3 and sonic‐derived air temperature, respectively (Figures S5 and S6).
Similar analyses conducted at shorter timescales (seconds tominutes) also showed that lag effects were small
compared to the hourly averaging periods used for flux calculations. Further, the transient response of the
tall tower subsampling system and the 100‐m sample inlet are shown in Figures S7–S9 demonstrating that
tubing interactions did not significantly limit the dynamic performance of the system for measuring changes
in NH3 mixing ratios.

We selected four of the closest active sites from the Ammonia Monitoring Network (AMoN, http://nadp.slh.
wisc.edu/amon/) for qualitative comparison of NH3 mixing ratio variability with the tall tower observations
(Figure S10). These sites included Wisconsin (WI35 and WI07), Nebraska (NE98), and Illinois (IL37). The
AMoN network uses chemical samplers (Radiello, Sigma‐Aldrich, MO, USA) mounted 2 m above the
ground surface and sheltered from precipitation. Ammonia in ambient air is absorbed continually by the
interior surface of the sampler and converted to NH4

+. The sample integration period represents 2 weeks
(Schrader et al., 2018).

2.3. Ammonia Flux Estimates

The hourly net ecosystem NH3 exchange (NEE) was estimated using a modified Bowen‐ratio approach
(Hicks & Wesely, 1978; Walker et al., 2006). First, the eddy covariance technique was used to estimate the
water vapor and carbon dioxide fluxes measured at the tall tower (Griffis et al., 2010; Wood et al., 2017;
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Zhang et al., 2014). The eddy diffusivity for water vapor (Kw) and carbon dioxide (Kc) was estimated from the
inversion of the eddy flux and tall tower scalar gradients as:

Kw ¼ FC

Ma
dC
dz

(1)

where FC is the eddy flux of water vapor or carbon dioxide, dC/dz is the corresponding scalar concentration
gradient, andMa is the molar air density. Here, we are making two assumptions: First, the measurements are
taken fromwithin the constant flux layer, which is a reasonable assumption for heights above the roughness
sublayer and below about 200 m (Griffis et al., 2010); Second, there is similarity between the eddy diffusivity
of NH3 (KA) andKw. A similar approach has used the sensible heat flux to deriveKA (Bash et al., 2010;Walker
et al., 2006). For cases when Kw was physically unrealistic or missing we applied KC. For cases when Kw and
KCwere both invalid ormissing we calculated the eddy diffusivity based on themomentum flux derived from
eddy covariance observations with stability corrections applied. Finally, the ammonia NEEwas calculated as
the sum of the turbulent flux and the change in hourly storage measured below the 100‐m level,

NEE ¼ −MaKA
dC
dz

þMa∫
dC
dt

dz: (2)

Over the course of the growing season (April through August), the diel range of variation for the median sto-
rage flux and turbulent flux varied from−0.07 to 0.1 nmolm−2 s−1 and 0.05 to 0.5 nmolm−2 s−1, respectively.

2.4. Quality Control of NH3 Mixing Ratios and Fluxes

Ammonia mixing ratios were filtered for periods when the NH3 analyzer measured anomalous (i.e.,
10 mmol mol−1) water vapor mixing ratios based on comparison with the infrared gas analyzer (LI7000).
Further, we filtered out NH3 observations obtained during strongly condensing conditions. These periods
were identified when the water vapor mixing ratio differences between the 100‐ and 56‐m levels were more
negative than−0.5 mmolmol−1 (i.e., when the water vapor gradient was strong and directed toward the land
surface). Finally, we filtered out NH3 fluxes when the atmosphere was strongly stable (i.e., when [z‐d]/L
exceeded a value of +4.5) and subject to decoupling from the surface fluxes. Approximately 35.1% of the
hourly flux data were either missing due to instrument failure or filtered according to the above quality
control procedures.

The minimum detectable NH3 flux was estimated from a zero flux‐gradient test in situ by injecting standard
dry air to both the 56‐ and 100‐m levels over a period of 3 days. These data were then processed using the
flux‐gradient calculations described above to estimate the flux noise. Note that in this case the eddy diffusiv-
ity was calculated from the momentum flux because the gradients of water vapor and carbon dioxide were
altered by the dry air injection. This test is analogous to conducting a blank chamber measurement or char-
acterizing flux noise in eddy covariance measurements when the air sample is provided by a stable gas cylin-
der (Griffis et al., 2008). Here, the flux noise (mean ± SE) was estimated to be 0.005 ± 0.007 nmol m−2 s−1

(Figure S11). Overall, about 69% of the remaining flux‐gradient observations were greater than the
detection limit.

2.5. Wet Deposition of Nitrogen

Precipitation samples were collected using an automated NADP‐approved system (model MDN 00–125‐4;
N‐CON Systems Co., Inc.; Crawford, GA, USA) to measure wet deposition of nutrients and acidity. The sam-
pler was equipped for thermostatic storage (model 17–126, N‐CON Systems Co., Inc.), with samples collected
into acid‐rinsed glass flasks to optimize preservation (Krupa, 2002). Samples were collected weekly, were
kept frozen prior to analysis, and were subsampled and analyzed using a Lachat Flow Injection Analyzer
(Lachat Instruments, Milwaukee, WI, USA) to quantify NO3‐N and NH3‐N concentrations. Precipitation
amounts were measured using an all‐weather precipitation weighing gauge (Geonor Inc., Augusta, NJ,
USA) located near the deposition sampler. Precipitation amounts and nitrogen (N) concentrations were used
to calculate wet N deposition on a mass per unit area basis.
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2.6. Nitrogen Use and Ammonia Sources From Emission Inventories

Fertilizer and manure surveys conducted for Minnesota indicated that synthetic N was applied to corn sys-
tems at an average rate of 157 kg N ha−1. Approximately 57% of the synthetic N application was applied dur-
ing the spring prior to planting, while 33% was applied during the fall (Bierman et al., 2012). The average N
rate from manure application was 137 kg N ha−1 with the majority (64%) applied during the fall (Minnesota
Department of Agriculture, 2017).

In this study we used three emission inventories for comparison to the mean annual tall tower fluxes. These
inventories included the National Emissions Inventory (NEI; https://www.epa.gov/air‐emissions‐inven-
tories/national‐emissions‐inventory‐nei), hemispheric transport of air pollution (HTAP_v2; http://edgar.
jrc.ec.europa.eu/htap_v2), and emission database for global atmospheric research (EDGARv432; http://
edgar.jrc.ec.europa.eu/overview.php?v=432_AP). NEI and HTAPmake use of nationally reported emissions
(i.e., provided by the Environmental Pollution Control Agency for the United States), while EDGAR uses
statistical data provided by the Food and Agriculture Organization of the United Nations. Both HTAP and
EDGAR provide NH3 emissions at monthly timescales with spatial resolution of 10 km, while NEI provides
an annual estimate with spatial resolution of 4 km. NEI data are provided for 2011 and EDGAR and HTAP
data represent the year 2010 (Olivier et al., 1995; Reis et al., 2009).

2.7. Concentration Footprints

The Stochastic Time‐Inverted Lagrangian Transport (STILT) model (Gerbig et al., 2003; Lin et al., 2003,
2004) was used to estimate the tall tower concentration source footprint using the sample inlet (receptor)
at a height of 100 m. The STILT model was forced with atmospheric drivers (e.g., planetary boundary layer
(PBL) height, wind, and atmospheric stability) obtained from the Weather Research and Forecasting (WRF)
model version 3.8.1 (Nehrkorn et al., 2010). We released 500 particles per hour and traced the particles back-
ward in time for 7 days for each hour of April 2017 through September 2017. The time‐ and volume‐
integrated footprint function was quantified by summing the total amount of time each particle was in a
volume element over a time step, normalized by the total amount of particles. Here, we combined the
STILT analyses with the NH3 emission inventories described above to estimate the potential influence of
anthropogenic sources on the tall tower observations. As a first approximation, we assumed that NH3 is a
non‐reactive scalar. The concentration footprint functions are shown in Figure S12.

2.8. Statistical Analyses

All data analyses and statistical estimates were performed using MATLAB (MATLAB R2013b, The
Mathworks Inc., Natick, MA, USA). The annual hourly statistical distributions of the NH3 mixing ratios
and fluxes were analyzed using a distribution fitting toolbox and chi‐square test of statistical significance
to provide a robust estimate of the means and standard deviations.

3. Results and Discussion
3.1. Wet Nitrogen Deposition

Weekly wet N deposition at the tall tower site typically ranged from 0 to 2.25 kg N ha−1 over the period DOY
260, 2016 to DOY 330, 2018 (Figure 1). The annual cumulative wet N deposition was remarkably similar for
2017 (8.8 kg N ha−1, 6.1 kg NH3‐N ha−1) and 2018 (8.7 kg N ha−1 and 5.8 kg NH3‐N ha−1). These values were
considerably larger (300%) than background NADP forest sites (i.e., site MN16, National Atmospheric
Deposition Program, http://nadp.slh.wisc.edu/NTN/, see Figure S10). The wet N deposition values for the
tall tower site were similar to NADP sites proximal to agricultural lands such as MN27 (6.4 kg N ha−1),
WI35 (6.3 kg N ha−1), IA08 (10.1 kg N ha−1) and reflect a regional NH3 “hot spot” located within the
Upper Midwest United States (i.e., Southern Minnesota, Eastern South Dakota, Southern Iowa,
Northeastern Nebraska, and Western Wisconsin).

A significant period of enhanced wet N deposition occurred during the springs of 2017 and 2018 (DOY 100 to
DOY 200) that coincided with the timing of intensive N fertilization application within the region. This rela-
tively high amount of N deposition and the NH3 concentrations observed in precipitation correlated well
with elevated tall tower NH3 mixing ratios, especially during spring and fall (Figures 1 and 2).
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3.2. Ammonia Mixing Ratios

Ammonia mixing ratios showed strong variability ranging from near zero to about 40 nmol mol−1 over the
21‐month time series (Figure 2). This range, however, was substantially lower than that reported (i.e., 0 to
192 nmol mol−1) for the 28‐day tall tower campaign in Colorado USA, which is influenced by large feedlots
located within 50 km (Tevlin et al., 2017). The NH3 mixing ratios followed a Weibull statistical distribution
(Figure S13) with 90% of the data within 0.10 and 18.7 nmol mol−1.

Mixing ratios were highly variable, with enhancement periods likely related to agricultural activities and cli-
mate. A peak episode of elevated mixing ratios near midday on DOY 136 (May 16) of 2017 coincided with
widespread N fertilizer application within the region and southerly air flow (i.e., persistent winds from
approximately 160°). Ammonia mixing ratios were relatively low (median = 2.8 nmol mol−1; interquartile
range = 1.9 nmol mol−1) from about DOY 210 to DOY 240 (July 29 to August 28, 2017) and began to increase
again DOY 250 to DOY 330 (7 September to 26 November 2017) likely due to the fall application of synthetic
N fertilizer and manure within the region. A large sustained enhancement in NH3 mixing ratios was
observed between DOY 320 to 330 (16 November to 26 November 2017) and was attributed to the fall appli-
cation of manure and anhydrous ammonia followed by unseasonably warm air temperatures (+2.3 °C war-
mer than the 30‐year climate normal for this period) and relatively low planetary boundary layer height (i.e.,
a mean ensemble diel PBL height of less than 500m). These elevated NH3mixing ratios were coincident with
complaints of poor air quality reported for the Saint Paul‐Minneapolis metro (http://www.startribune.com/
here‐s‐the‐poop‐on‐monday‐s‐stinky‐air/459095093/). Further, the precipitation data showed very high
values of NH3 concentrations for this period (Figure 1).

Ammonia mixing ratios were elevated from DOY 106 to DOY 150, 2018 and reached maximum values of
about 40 nmol mol−1 on DOY 124 (4 May 2018). Interestingly, the NH3 mixing ratios were considerably
higher in 2018 compared to 2017. For the period 1 April to 31 August NH3 mixing ratios were (median
and interquartile range) 3.10 (3.53) and 6.98 (7.94) nmol mol−1, respectively. Potential reasons for this find-
ing are discussed in the following paragraphs and in section 3.3.

Figure 1. Wet deposition of ammonium and nitrate observed at the tall tower trace gas observatory. (a) Weekly wet N deposition; (b) cumulative wet N deposition;
(c) cumulative wet ammonium deposition; and (d) ammonium concentration observed in weekly precipitation events.
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The tall tower NH3 observations were compared with four AMoN sites (Figure 3) after applying a 14‐day
running mean filter to the tall tower observations to match the sampling resolution of the AMoN network.
Overall, there is qualitative agreement in the seasonal patterns with distinct peaks observed at all sites
around DOY 140 (20 May) and DOY 160 (9 June) in 2017. The strongest correlations were found between
the tall tower and WI35 (r = +0.62) and IL37 (r = +0.41) sites, which are located northeast and southeast
of the tall tower, respectively. The tall tower data capture the short‐term dynamic nature of the NH3 mixing
ratios that cannot be detected using observations that integrate over a 2‐week period. When compared to
these same AMoN sites over the period 2012 to 2017, we see that the tall tower observations are consistent
with the broader regional patterns of weekly and interannual variability. Further, the seasonal pattern of
the tall tower NH3 mixing ratios is in good agreement with the Atmospheric Infrared Sounder (aboard the
Aqua satellite) observations (Figure 4), which show elevated mixing ratios for April to June, followed by a
secondary peak in November (Warner et al., 2017). Note that for this comparison we have extracted the satel-
lite NH3 data from Figure 2 of Warner et al. (2017). These satellite data are representative of the Midwest
United States, and the retrievals have been selected for the peak sensitivity occurring at 918 hPa.

Wind direction (source region) had a significant influence on NH3mixing ratios (Figure 5). For the southerly
wind sector (110° to 230°), NH3 mixing ratios showed a pronounced enhancement of up to 2 nmol mol−1

above the ensemble mean mixing ratio of all observations. A similar pattern has been observed for N2O
(Griffis et al., 2013). This results from the predominantly agricultural landscape to the south and major fee-
dlot facilities located near the Minnesota‐Iowa border. Our STILT footprint analyses for April to September
2017 (Figure S12) revealed that the anthropogenic NH3 emissions were dominated by agricultural sources.
For example, in April, May, June, July, August, and September, the concentration footprints indicated that
90.1%, 81.9%, 90.3%, 93.6%, 95.8%, and 92.1% of the emissions were attributed to agricultural sources within
the tall tower concentration footprint.

There was a clear diel pattern and vertical gradient of NH3 mixing ratios (Figure 5c) that varied seasonally
(Figure 6). A minimum in NH3 mixing ratios was observed from January to February. This is consistent

Figure 2. (a) Hourly variations of ammonia mixing ratios; (b) water vapor mixing ratios; and (c) air temperature observed
at the tall tower trace gas observatory 100‐m sample level over the period April 2017 to December 2018. IRGA, infrared gas
analyzer; LGR, Los Gatos Research.
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with observations from AMoN sites within the region. The highest diel amplitudes (peak to trough) were
observed in the period March to April (2.2 nmol mol−1) and May to June (1.8 nmol mol−1). Relatively
large NH3 mixing ratios and diel amplitudes were also observed in November to December during the fall
application of N fertilizers (described above). Here, strong emission strength and relatively lower
planetary boundary layer heights in spring and fall contributed to the greater amplitude.

Overall, themean ensemble NH3mixing ratios at the 56‐m level were typically higher than at the 100‐m level
(Figure 5), indicating that the landscape was predominantly a net NH3 source. The mean NH3 mixing ratios

Figure 3. Comparison of ammonia mixing ratios measured at regional AMoN sites and the tall tower trace gas observa-
tory. The tall tower hourly data have been smoothed using a 2‐week running mean filter for comparison with the AMoN
data. Data are shown for the tall tower (KCMP in 2017 and 2018), Wisconsin (WI35 and WI07 in 2012, 2015, 2016, and
2017), Nebraska (NE98 in 2012, 2015, 2016, 2017), and Illinois (IL37 in 2012, 2015, 2016, and 2017).

Figure 4. Comparison of ammonia mixing ratios observed by the Aqua satellite and at the tall tower trace gas observatory.
The data shown represent the mean monthly values with grey shading indicating the standard error about the mean for
the tall tower observations. Note that the Aqua satellite observations have peak sensitivity at approximately the 918‐hPa
pressure level.
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for the 56‐ and 100‐m inlets were 4.6 ± 4.6 and 4.4 ± 4.3 nmol mol−1, respectively for the entire data set. Over
the period April to July, the vertical NH3 gradient was greater in 2018 (0.007 nmol mol−1 m−1) compared to
2017 (0.003 nmol mol−1 m−1) by a factor of 2.3. This provides further support that the higher NH3 mixing
ratios in 2018 were driven by increased NH3 emissions. Vertical concentration gradients from the Boulder
Atmospheric Observatory also revealed that NH3 mixing ratios generally decreased away from the surface
on average by about 2.7 nmol mol−1 (0.01 nmol mol−1 m−1) between 10 and 280 m (Tevlin et al., 2017).

Ammonia mixing ratios are expected to be positively correlated with air temperature due to its combined
effect on raising the NH3 vapor pressure, reducing its water solubility, and enhancing the emission potential
and source strength (Eilerman et al., 2016; Grant et al., 2016; Harper, 2005; Zhang et al., 2010). Further, the
gas‐particle phase partitioning of NH4NO3 is temperature dependent, where warmer air temperatures favor

Figure 5. (a) Influence of wind direction (source area) and air temperature on ammonia mixing ratios observed at the tall
tower trace gas observatory. Air temperature data are displayed using the color bar. (b) Ensemble average showing
influence of wind direction on ammonia mixing ratios at the 100‐ and 56‐m level. The horizontal dashed line indicates the
mean value computed from all valid observations. (c) The ensemble dial pattern of ammonia mixing ratios observed for
the 100‐ and 56‐m levels.
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the gas phase (Seinfeld & Pandis, 2006). Figure 7 illustrates that the sensitivity of NH3 to air temperature was
relatively consistent for different source regions (i.e., wind direction) and time periods. The sensitivity of
NH3 mixing ratios to air temperature yielded a Q10 of 1.44 (southerly flow) and 1.48 (northerly flow). We
note that this temperature‐relation is complicated by the fact that peak air temperatures typically occur
during July and August when crop canopies are mature and, therefore, more likely to adsorb soil‐emitted
NH3. Further, we have not directly measured the contribution of NH4NO3 gas‐particle partitioning to
ambient NH3 mixing ratios. However, our ongoing modeling work utilizing the Weather Research and
Forecasting Chemistry (WRF‐CHEM) model, the low predicted particulate NH4

+ and NO3
− abundance

(i.e., corresponding to less than 0.20 and 0.15 nmol mol−1, respectively) for the study domain suggests
that it plays a relatively minor role. This is further supported by local NH4NO3 observations from
Winona, Minnesota (https://aqs.epa.gov/api), which reveal relatively low concentrations (typically
<0.1 nmol mol−1) during the warm season (April to September, 2017). Similar findings were reported for
the Boulder Atmospheric Observatory (Tevlin et al., 2017). A review of the literature indicates that Q10

values typically range from about 1 to 4 for NH3 emissions (Sutton et al., 2013; Zhang et al., 2017). Thus,
the higher air temperatures observed at the tall tower during the period April to July 2018 compared to 2017
(i.e., a mean difference of +1.6 °C) also helps to explain the higher NH3mixing ratios and emissions observed
for the same period in 2018.

3.3. Net Ecosystem NH3 Exchange

The net ecosystem NH3 exchange represents the bidirectional balance of emission (positive) and deposition
(negative) fluxes. The hourly net ecosystem NH3 exchange in 2017 (Figure 8) ranged from −57.4 to
+65.3 nmol m−2 s−1 and exhibited a skewed Laplace distribution (Figure S14 and S15) with a mean (±1
SD) annual flux of +0.45 ± 0.97 nmol m−2 s−1. Here, we examined the statistical distributions separately
for positive (net emissions) and negative (net deposition) fluxes in order to provide a best estimate of gross
emissions to the atmosphere. The unidirectional negative fluxes and positive fluxes followed a Weibull dis-
tribution (Figures S16 and S17) with a mean net deposition rate of −0.68 nmol m−2 s−1. The mean of all

Figure 6. Monthly ensemble dial patterns of ammonia mixing ratios measured at the tall tower trace gas observatory sample inlets of 100 and 56 m.
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positive flux values was +1.24 nmol m−2 s−1. The largest positive fluxes occurred near midday during the
early growing season (May and June), following fertilization and prior to significant crop growth. Similar
flux values and distributions were observed in 2018, when the mean NEE was +0.20 ± 0.77 nmol m−2 s−1

and ranged from −66.98 to +56.48 nmol m−2 s−1. The mean of all positive and negative NEE values was
+1.43 and −0.76 nmol m−2 s−1, respectively. We note that the lower mean value for NEE in 2018 was a
consequence of a more complete time series that included more wintertime (January through March)
observations compared to 2017.

The ensemble diel pattern of NEE over the April to August period in 2017 and 2018 indicated peak emissions
of about +0.68 and + 1.2 nmolm−2 s−1, respectively, nearmidday (Figure 8). In 2017, median NEEwas high-
est in June at midday (+1.9 nmol m−2 s−1). Fluxes were also relatively large in November 2017 with peak late

Figure 7. Sensitivity of ammonia mixing ratios to air temperature for different wind directions and time periods. A) April
to July 2017 (south wind); B April to July 2017 (north wind); C South wind 2017; D. April to July 2018 (south wind); E.
April to July 2018 (north wind); F. South wind 2018. Data shown are for the tall tower trace gas observatory 100‐m sample
level.
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morning values of +0.80 nmol m−2 s−1. These late season emissions likely resulted from the application of
fall manure and anhydrous ammonia in combination with unseasonably warm air temperatures. Similar
NEE patterns were observed in 2018. However, overall emissions were larger and median midday NEE
values peaked in May 2018 at +4.1 nmol m−2 s−1. This may be partially explained by the warmer air
temperatures and increased frequency of southerly air flow during the April to August period of 2018.

Our observed fluxes are considerably lower compared to values reported for specific agricultural ecosystems,
presumably because the tall tower source footprint contains approximately 54% non‐agricultural lands
(Zhang et al., 2014). For instance, NH3 fluxes above a corn canopy in North Carolina during spring (DOY
149 to DOY 180) and summer (DOY 181 to DOY 213) reached mean maximum values of 47 and 6 nmol m
−2 s−1, respectively, with peak emissions occurring from late morning to midday (Walker et al., 2013).
Relaxed eddy accumulation and flux‐gradient NH3 measurements above a corn canopy in the U.S. Corn
Belt revealed mean fluxes of about 12 nmol m−2 s−1 with peak emissions of about 60 nmol m−2 s−1

(Nelson et al., 2019). Ammonia emissions from feedlots within the footprint of the tall tower could also be
substantial. For instance, recent estimates of mean summertime emissions from beef feedlot facilities in
Colorado, USA were on the order of 3 to 4 nmol m−2 s−1 with mean maximum values reaching 8 nmol m
−2 s−1 (Shonkwiler & Ham, 2018).

The partitioning of NEE into its soil versus canopy fluxes indicates that crop canopies can act as a major sink
for soil‐emitted NH3 (Nemitz et al., 2001; Walker et al., 2013). Past studies for example, have shown that
about 70% of the soil‐emitted NH3 was taken up by a mature corn canopy (Walker et al., 2013). Here, we
lacked the observations to robustly assess the partitioning of NEE at the regional scale. However, if we make
use of the negative flux observations as an approximation of net dry deposition (i.e., a minimum lower
bound), this suggests that mean gross emissions (i.e., approximated as NEE minus the net dry deposition)
of NH3 in 2017 and 2018 were on the order of +1.9 and +2.2 nmol m−2 s−1, respectively. This indicates that
regional canopy deposition accounted for about 30 to 40% of the gross emissions. Further, we have estimated
dry NH3 deposition based on our WRF‐CHEM simulations for our study domain. These results suggest that

Figure 8. Hourly net ecosystem ammonia exchange measured in 2017 (a) and 2018 (b) at the tall tower trace gas observatory. Diel patterns of net ecosystem ammo-
nia exchange are displayed as box plots for 2017 (c) and 2018 (d).
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dry NH3 deposition typically accounted for about 42% of gross NH3 emissions for the region, which is in
relative good agreement with our tall tower observations.

3.4. The Local to Regional Scale Ammonia Budget

Gross annual emissions estimated from the tall tower (+1.9 to +2.2 nmol m−2 s−1) were greater than the
mean emission inventory estimated from EDGARv431 (1.39 ± 0.06 nmol m−2 s−1) and lower than that esti-
mated from HTAP (2.67 ± 0.11 nmol m−2 s−1), and NEI (2.87 ± 0.28 nmol m−2 s−1) for a grid point contain-
ing the tall tower. These differences were relatively consistent when evaluated across spatial scales (i.e.,
when increasing the study domain radius from 5 to 100 km relative to the KCMP tall tower location;
Figure 9). The land use characteristics of the tall tower flux footprint (i.e., within about 10 km of the tower)
is approximately 43% agricultural and very similar to the tall tower concentration footprint. For example, the
land use within the U.S. Corn Belt, south of the tall tower, consists of 40% agricultural land use (24% corn
and 16% soybean). Overall the land use characteristics exhibit self‐similarity over a broad range of distances
from the tall tower through the Corn Belt (Griffis et al., 2010). This consistency in land use characteristics is
also highly evident in the NH3 emission inventory fluxes as shown in Figure 9. According to the emission
inventory source partitioning, agricultural emissions were the dominant source, representing an average
of 76% to 90% of the total emissions according to the spatial scale analyses of the EDGARv431 and HTAP
products. When scaling up to the U.S. Corn Belt, the mean annual flux densities were 1.22 and
1.53 nmol m−2 s−1 for EDGARv431 and HTAP, respectively. Here, HTAP showed the best agreement with
the tall tower observations.

If the tall tower fluxes are representative of the Upper Midwestern United States (i.e., Minnesota, Wisconsin,
Iowa, Illinois, and Indiana), the gross emissions are estimated to be +720 Gg NH3‐N y−1. This estimate is
approximately 44% higher than recent satellite‐based estimates of 500 Gg NH3‐N y−1 (Van Damme et al.,
2014). Further, inversion estimates based on wet NH4 deposition observations, a priori inventories, and
GEOS‐Chem adjoint modeling also indicate that emissions from the Midwest and Upper Midwestern
United States are about 500 Gg NH3‐N y−1 with peak emissions occurring in April (Paulot et al., 2014).
Thus, there is increasing evidence that the above emission inventories, especially NEI, are overestimated
for the Upper Midwestern, United States. Paulot et al. (2014) have shown that their estimates are in good

Figure 9. Average ammonia flux densities derived from emission inventories as a function of distance from the tall tower
trace gas observatory. The ammonia mean flux density is also shown for the tall tower as a horizontal dashed line.
EDGAR, emission database for global atmospheric research; HTAP, hemispheric transport of air pollution; NEI, national
emissions inventory.
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agreement with NEI estimates from 2008 for springtime, but that summertime a priori emissions needed to
be scaled down by about 50%.

If the tall tower fluxes are representative of the broader U.S. Corn Belt, the gross emissions are estimated to
be +1340 Gg NH3‐N y−1. This estimate is within the range of the emission inventories considered here (i.e.,
800 to 1,900 Gg NH3‐N y−1). The tall tower gross NH3 emissions are considerably larger than N2O emission
estimates, which have been shown to range from 316 to 585 Gg N2O‐N y−1 over the period 2010 to 2015
(Chen et al., 2016; Griffis et al., 2017). Thus, the tall tower data indicate that total losses of reactive N (i.e.,
NH3 + N2O) to the atmosphere are about 1,790 Gg N y−1 from the U.S. Corn Belt, representing about 23%
of the current annual newN input (i.e., synthetic N + biological nitrogen fixation from legumes; Griffis et al.,
2017). Our future research will use the tall tower NH3 concentration data within an inverse analysis frame-
work (Chen et al., 2016, 2018) to provide additional constraint on these budget estimates.

4. Conclusions

Our data and analyses indicate that 90% of the hourly NH3 mixing ratios measured at the tall tower 100‐m
height were between 0.10 and 18.7 nmol mol−1 and showed similar seasonal patterns to AMoN and satellite‐
based observations. The net ecosystem NH3 exchange was greatest in spring and fall with peak hourly emis-
sions of about +50 nmol m−2 s‐l with mean annual gross emissions of 2.1 nmol m−2 s−1. Annual NH3 emis-
sions estimated using state‐of‐the‐art inventories were 0.6‐ to 1.4‐fold compared to the gross mean annual
tall tower flux density. Our annual gross emission estimates for the Upper Midwest and broader U.S. Corn
Belt regions were +720and +1,340 Gg NH3‐N y−1, respectively. Finally, considering the N2O budget over
the same region, we estimated total reactive N emissions (i.e., N2O + NH3) of approximately +1,790 Gg N
y−1 from the U.S. Corn Belt, representing ~23% of the current annual new N input.
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