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H I G H L I G H T S

• Besides the US Midwest, a striking in-
crease in NH3 concentrations was also
detected in the Mid-South and Western
regions.

• Warmer winters in the West and hot
summers in the Mid-South and Mid-
west highly accounted for increased
NH3 emissions there.

• Synthetic N fertilizer interaction with
temperature could stimulate NH3 re-
leases, especially in more vulnerable
regions.

G R A P H I C A L A B S T R A C T

a b s t r a c ta r t i c l e i n f o

Article history:
Received 6 March 2021
Received in revised form 6 May 2021
Accepted 17 May 2021
Available online 25 May 2021

Editor: Pingqing Fu

Keywords:
Ammonia
AIRS
GTWR
Synthetic nitrogen fertilizer
Livestock manure
Climate change

Ammonia (NH3) is themost abundant alkaline component and can react with atmospheric acidic species to form
aerosols that can lead to numerous environmental and health issues. Increasing atmospheric NH3 over agricul-
tural regions in the US has been documented. However, spatiotemporal changes of NH3 concentrations over
the entire US are still not thoroughly understood, and the factors that drive these changes remain unknown.
Herein, we applied the Atmospheric Infrared Sounder (AIRS) monthly NH3 dataset to explore spatiotemporal
changes in atmospheric NH3 and the empirical relationshipswith synthetic N fertilizer application, livestockma-
nure production, and climate factors across the entire US at both regional and pixel levels from 2002 to 2016.We
found that, in addition to theUSMidwest, theMid-South andWestern regions also experienced striking increases
in NH3 concentrations. NH3 released from livestockmanure duringwarmer winters contributed to increased an-
nual NH3 concentrations in theWestern US. The influence of temperature on temporal evolution of NH3 concen-
trations was associatedwith synthetic N fertilizer use in the Northern Great Plains.With a strong positive impact
of temperature onNH3 concentrations in theUSMidwest, this region could possibly become an atmospheric NH3

hotspot in the context of future warming. Our study provides an essential scientific basis for US policy makers in
developing mitigation strategies for agricultural NH3 emissions under future climate change scenarios.
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1. Introduction

Over the last century, the global nitrogen (N) cycle has been heavily
perturbed by additions of reactive N from human activities, including
combustion-related nitrogen oxides (NOx), industrial ammonia (NH3)
production through the Haber-Bosch process, and agricultural N fixa-
tion (Fowler et al., 2015). These anthropogenic activities have consider-
ably increased atmospheric NOx and NH3 (Tian et al., 2020; Xu et al.,
2019). Synthetic N fertilizer application and livestock manure manage-
ment are two dominant atmospheric NH3 sources that account for ~80%
of total NH3 emission in the US (Davidson et al., 2011). Meanwhile, NH3

volatilization can be regulated by changing climate. Recent studies have
demonstrated that climate warmingmay favor NH3 release frommulti-
ple surface layers such as soil, stomates, and moisture layers on leaf cu-
ticles (Shen et al., 2020a; Xu et al., 2019). Shen et al. (2020a) projected
that climate warmingwould increase NH3 emissions by 18% and lead to
a considerable drop in crop yield due to a 10% loss of applied N. This
could also induce a 14% increase in NH4

+ deposition to sensitive ecosys-
tems across the US over the 2010 to 2100 time span (Shen et al., 2020a).
Increased atmospheric NH3 can cause a number of environmental is-
sues. NH3 is the most abundant alkaline component and can neutralize
acidic species such as SO2 and NOx to form atmospheric aerosols
(e.g., PM2.5) that can reduce visibility and threaten human health and
life expectancy (Bauer et al., 2016; Xu et al., 2018). Moreover, dry and
wet depositions of NH4

+ from NH3 emissions may alter soil and water
chemistry (e.g., eutrophication) and reduce biological diversity (Clark
and Tilman, 2008). Thus, better understanding of atmospheric NH3

magnitudes, trends, and spatial patterns is essential to avoid negative
effects on human health and ecosystem function in the US.

Numerous studies have examined changes in spatiotemporal pat-
terns of atmospheric NH3 concentration (Li et al., 2017; Nair et al.,
2019; Van Damme et al., 2020; Van Damme et al., 2018; Warner et al.,
2017), agricultural NH3 emissions (Cao et al., 2020; Shen et al., 2020a;
Xu et al., 2018; Xu et al., 2019), and wet NH4

+ deposition (Du, 2016;
Du et al., 2014) over the US using a variety of bottom-up and top-
down approaches. For instance, Nair et al. (2019) used a global 3-D
chemical transport model (GEOS-Chem) to simulate NH3 concentration
based on surface observations from90National Atmospheric Deposition
Program Ammonia Monitoring Network (AMoN) sites. They found that
NH3 concentration was highly emission dependent and dominated by
agricultural activities, with high NH3 emissions in the Central US and
WesternUS due toN fertilizer applications and livestock grazing, respec-
tively. A similar conclusion was reached by Van Damme et al. (2018),
who found that intensive animal farming can contribute to numerous
hotspots of NH3 emissions across the Western US (e.g., Eckley-Yuma,
Colorado; Bakersfield and Tulare, California; and Milford, Utah); this
work was based on a high-resolution map of atmospheric ammonia ob-
tained from daily Infrared Atmospheric Sounding Interferometer (IASI)
satellite observations over the past decade. In contrast, a recent study
on synthetic N fertilizer application identified that increased NH3 emis-
sion hot spots have shifted from the Central US to the Northern Great
Plains since 1960 (Cao et al., 2020). Spatiotemporal patterns of NH4

+ de-
position have also been examined. By analyzing 151 site-level annual
wet deposition data from the National Atmospheric Deposition Program
(NADP), Du et al. (2014) noted thatwet NH4

+ deposition significantly in-
creased over the 1985–2012 period in theMidwest, South, andWestern
regions of the US. The increased NH4

+ deposition in the West and
Midwest was associated with large animal breeding (e.g., hogs and cat-
tle) and N fertilizer application, while the increase in the Southeast was
associated with smaller livestock (e.g., chickens) (Stephen and Aneja,
2008). However, no above-mentioned study has simultaneously consid-
ered natural and anthropogenic impacts on decadal spatiotemporal
changes in US NH3 concentrations. Moreover, geographical and tempo-
ral weighted regression (GTWR), a unique statistical technique, is capa-
ble of accounting for local effects in both space and time (Fotheringham
et al., 2015) and has beenwidely applied in research fields of economics

(Qu et al., 2020), transportation (Shen et al., 2020b), infectious disease
(Hong et al., 2021), biology (Cullen and Guida, 2021), etc. Our study is
a first attempt to examine spatiotemporal influence of climate variabil-
ity and anthropogenic nitrogen additions on NH3 concentration dynam-
ics using a GTWR model.

In recent years, satellite-based data have become a promisingway to
monitor global atmospheric NH3 due to the relatively high temporal and
spatial coverage (Van Damme et al., 2020; Van Damme et al., 2018;
Warner et al., 2017). Van Damme et al. (2020) analyzed an 11-year
NH3 dataset (2008 to 2018) obtained from daily IASI satellite observa-
tions and found a large increase in atmospheric NH3 for the US that
was highly concentrated in the Midwest. Using a dataset from the
Atmospheric Infrared Sounder (AIRS) on the Aqua satellite, Warner
et al. (2016) evaluated a comprehensive monitoring of 13-year global
tropospheric NH3 distribution. Spatiotemporal patterns from satellite
data suggested that themain source of atmospheric NH3was from farm-
ing and animal husbandry activities involving reactive N derived from
synthetic N fertilizer use (Warner et al., 2017). Nevertheless, there are
several limitations of previous studies that applied satellite data. First,
most studies primarily relied on a national-level, one-year synthetic N
fertilizer application map and ignored information on livestockmanure
management across the US. Second, how changes in spatiotemporal
patterns of synthetic N fertilizer application and livestockmanureman-
agement affect atmospheric NH3 concentration across the US is still an
open question. Third, most previous studies used a global linear regres-
sion model to explore relationships between NH3 and driving factors,
where the regression coefficient for each forcing factor remained con-
stant across space and time (Chuet al., 2015;Hou et al., 2015). However,
spatiotemporal non-stationarity exists in NH3 and associated forcing
variables. In addition, although hot and dry summers were found to
be associated with high NH3 concentrations in the Midwest (Warner
et al., 2017), such relationships have not been examined in other US re-
gions. Furthermore, Warner et al. (2017) may have overlooked poten-
tial underlying mechanisms that favored increases in atmospheric NH3

across the US. Finally, climate change (e.g., increasing temperature)
could exacerbate NH3 emissions from highly fertilized croplands (Xu
et al., 2019; Shen et al., 2020a, 2020b; Ma et al., 2021). Possible interac-
tions between N additions and climate change have been largely ig-
nored in previous work (Warner et al., 2017).

To address these limitations, the current study applied a satellite-
based, 14-year monthly NH3 dataset to explore change in spatiotempo-
ral NH3 patterns and the empirical relationships with synthetic N fertil-
izer application, livestockmanure production, and climate factors across
theUS at both regional and pixel levels (Fig. 1). To reveal spatiotemporal
variations of these relationships, this study used a GTWRmodel in an at-
tempt to answer the following questions: 1) What was the spatiotem-
poral change pattern of NH3 from 2002 to 2016? 2) What were the
empirical associations of NH3 with anthropogenic and climatic vari-
ables? 3) How did empirical associations evolve across space and
time? and 4) What were potential physical mechanisms underlying
changing NH3 patterns?

The rest of the paper is organized as follows: In Section 2, we de-
scribe the data used in this study, including satellite-based NH3 mea-
surements, climate (i.e., temperature and precipitation), synthetic N
fertilizer, and livestock manure. We also explain the statistical methods
of trend analysis, correlation analysis, and GTWR. Section 3 presents the
results of spatiotemporal associations between NH3 concentration and
three impact factors; limitations and future directions of study are also
discussed. Section 4 is the conclusion.

2. Materials and methods

2.1. Data

Five spatially and temporally explicit datasets for the entire USwere
used: 1) monthly satellite-based NH3 measurements, 2) monthly
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temperature, 3) monthly precipitation, 4) annual synthetic N fertilizer
application, and 5) annual livestock manure production. Atmospheric
NH3 concentrations (September 2002 to August 2016) were obtained
from AIRS. Validating against in situ data, vertical profiles of AIRS NH3

were found to have small biases (within ~5–15% of retrieved profiles)
in central California, despite possible biases associated with spatial res-
olution differences between the two instruments (Warner et al., 2016).
The AIRS NH3 products provide NH3 volume mixing ratios (VMRs) at
multiple levels from 500 hPa to the surface at a spatial resolution of
1° × 1°. More detailed information regarding the AIRS NH3 retrieval
method can be found inWarner et al. (2016, 2017). In this study, we se-
lected NH3 VMRs at 918 hPa (i.e., peak sensitivity) according toWarner
et al. (2017). Surface temperature and precipitation from 2002 to 2016
were obtained from Daily Surface Weather Data version 3 (Daymet;
Thornton et al. (2016))with a spatial resolution of 1 km. Daymet gener-
ated daily weather and climatology variables through interpolating and
extrapolating ground-based observations using statistical modeling
techniques (Thornton et al., 2016). A spatially explicit data set of syn-
thetic N fertilizer use during 2002–2015 was obtained from Cao et al.
(2018) at a spatial resolution of 5 km × 5 km. Spatially explicit livestock

manure production between 2002 and 2016 was obtained from Bian
et al. (2021) at a spatial resolution of 30 s × 30 s. Climatic, N fertilizer,
andmanure datasets were aggregated into 1° × 1° grids to be consistent
with NH3 data.

2.2. Statistical analysis

We applied the non-parametric Regional Kendall Test (RKT) to ex-
amine overall trends of atmospheric NH3 concentrations and four driv-
ing factors (i.e., temperature, precipitation, synthetic N fertilizer, and
livestock manure production) for five regions and the entire US. The
five regions were the West, Midwest, Mid-South, Southeast, and
Northeast (Fig. 2a). To explore associations of NH3 with mean monthly
temperature (MMT) and precipitation (MMP), we performed a non-
parametric Spearman's partial correlation. Trend and correlation
analyses were carried out in R software for Windows (version 4.0.3,
www.r-project.org/). The RKT was performed using the ‘RKT package’
with the estimated Theil-Sens slope (Marchetto et al., 2013). The
Spearman's partial correlation was performed using the ‘ppcor package’
(Kim, 2015).

Fig. 1. Flowchart of the methodology for investigating spatiotemporal changes in NH3 concentrations.

Fig. 2. Spatial distribution and temporal trends of NH3 VMRs, mean annual temperature (MAT), mean annual precipitation (MAP), synthetic N fertilizer, and livestockmanure production
from 2002 to 2016. Top panels show the spatial pattern, while bottom panels show temporal changes. Panel numbers (i.e., 1, 2, 3, 4, and 5) in (a) represent theWest, Midwest, Mid-South,
Southeast, and Northeast regions of the US, respectively.
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2.3. The GTWR model

To revealmagnitudes ofN fertilizer, livestockmanure, and climatic im-
pacts on NH3 and how such magnitudes change across space and time,
this study applied GTWR at an annual scale for each grid cell in the US.
As an extension of a traditional regressionmodel, theGTWRmodel can si-
multaneously consider both spatial and temporal heteroscedasticity and
thus provide spatiotemporal estimations (Chu et al., 2015; Huang et al.,
2010; Wu et al., 2019). The GTWR model can be described as:

Yi ¼ β0 ui, vi, tið Þ þ∑
k
βk ui, vi, tið ÞXik þ εi ð1Þ

where Yi is the dependent variable of the ith sample (i.e., NH3 in this
study), Xik are the independent variables of the ith sample (i.e., N fertil-
izer, livestock manure, climate variables in this study), ui, vi, and ti are
the space-time coordinates of the ith sample, and βk(ui,vi, ti) is the esti-
mated coefficient of the kth independent variable for the ith sample. The
weighted least squares (WLS) approachwas adopted to calibrate GTWR
(Huang et al., 2010). Thematrix expression for the estimated coefficient
of the ith sample can be expressed as:

bβk ui, vi, tið Þ ¼ XTW ui, vi, tið ÞX
h i−1

XTW ui, vi, tið ÞY ð2Þ

where W(ui,vi, ti) is a spatiotemporal weight matrix that can be
measured using a variety of distance-decay functions, such Gaussian,
bi-square, and exponential functions. In this study, we used a Gaussian
kernel function (Huang et al., 2010):

WST
ij ¼ exp

dstij
hst

 !2
24 35 ð3Þ

where dij
st is the spatiotemporal distance between samples i and j, and

(dijst)2 = λ[(ui − uj)2 − (vi − vj)2] + μ(ti − tj)2. Here, λ and μ are scale
factors used to balance difference effects employed to measure spatial
and temporal distances in their respective metric systems, and hst is
the spatiotemporal bandwidth and hst= hs+φ ∗ ht. The optimal spatial
bandwidth hs and temporal bandwidth ht can be obtained using a
corrected version of the Akaike information criterion (AICc) (Hurvich
et al., 1998).

To make direct comparisons among different covariates, we stan-
dardized dependent and independent variables using the ‘scale’ func-
tion in R. We also compared the R-square (R2) from GTWR with that
from the global regression model (i.e., ordinary least squares (OLS)) to
assess GTWR performance. We selected NH3 as the dependent variable
andN fertilizer, livestockmanure, and temperature as independent var-
iables for both GTWR and OLS models. The selection was described in
Section 3.3. The GTWR and OLS simulations were conducted using the
GTWR AddIn in ESRI ArcMap 10.8 developed by Huang et al. (2010).

3. Results and discussion

3.1. Trends in NH3 concentrations and driving factors for five US regions

Across the US, atmospheric NH3 concentrations significantly in-
creased by 0.030 ppbv yr−1 between 2002 and 2016 (Table 1). The US
Midwest has been identified as a global hotspot for NH3 emissions
based on satellite observations (Griffis et al., 2019; Shephard et al.,
2011; Van Damme et al., 2020). We found that the Midwest had the
highest NH3 concentrations among all five regions (Fig. 2f) with the
largest rate increase of 0.074 ppbv yr−1 (p-value <0.01). This was con-
sistent with previous studies (e.g., 0.056 ppbv yr−1, Warner et al.
(2017)). In addition, our analysis of ARIS NH3 trends in the Midwest
(3.8%, a compound annual growth rate) was in line with trends ob-
tained from the IASI-NH3 dataset during 2008–2018 (3.42% ± 0.59%,
Van Damme et al. (2020)). In contrast, the Southeast and Northeast

showed slight increases in annual NH3 concentrations that were not
statistically significant (p-value = 0.11 and 0.55, respectively). The
Mid-South and West regions showed a medium increase in NH3

concentrations with rates of 0.030 ppbv yr−1 (p-value <0.01) and
0.038 ppbv yr−1 (p-value <0.01), respectively (Table 1). At monthly
scales, NH3 concentration trends were broadly consistent with those
of annual scales (Table 1); however, the significance of NH3 concentra-
tions in the Southeast and Northeast regions increased (Table 1). This
was likely associated with the growing frequency of extreme high NH3

concentrations in later years due to climate variability. For example,
we found that the highest value of 5.2 ppbv in April 2011 in the North-
east was smoothed out in the annual mean value (Figs. 2f & 3e), thus
there was no observable increase in annual NH3 concentrations.

Mean annual temperatures (MAT) during the study period were
much higher across southern regions (i.e., Mid-South and Southeast)
compared to northern regions (i.e., Midwest and Northeast) (Fig. 2b),
which was expected due to latitudinal effects of solar radiation. In
terms ofmean annual precipitation (MAP), theNortheast and Southeast
were higher than remaining regions, especially thewestern US (Fig. 2c).
Rainfall patterns were mainly due to topography of theWest and mois-
ture from the Gulf of Mexico for the East (Hu et al., 1998; Karl and
Knight, 1998). Overall, there were no statistically significant trends in
mean annual and monthly temperature and precipitation across the
five regions from 2002 to 2016 (Tables S1, S2). However, both temper-
ature and precipitation exhibited large intra- and inter-annual variabil-
ity for this period (Figs. 2g, h & 3).

Hotspots of synthetic N fertilizer use were concentrated in the Mid-
western US, theMississippi Valley, and some regions of theWestern US
(e.g., California) (Fig. 2d). In contrast, hotspots of livestockmanure pro-
duction were spread across all five regions with a much higher amount
detected in the states of California, North Carolina, Iowa, and Arkansas
(Fig. 2e). The total amount of US fertilizer use increased at a rate of
0.092 Tg N yr−1 (p-value <0.05) from 2002 to 2015 (Table 2), however,
with annual fluctuations (Fig. 2i). For example, the substantial drop in
fertilizer consumption between 2008 and 2009 was largely associated
with the high price of fertilizer caused by the 2008 financial crisis
(USDA-ERS, 2013). The Midwest, accounting for ~80% of the total na-
tional fertilizer consumption, dominated the increase across the US dur-
ing the study period (Fig. 2i). The national total manure production
depicted a rapid increase from2002 to 2008 and then roughly remained
constant thereafter (Fig. 2j). At the regional scale, with the exception of
theMid-South, the remaining four regions showed statistically significant
increases in livestock manure production for the period of 2002–2016
(Table 2). The Midwest was the largest contributor to national total ma-
nure production, followed by the Mid-South and Southeast (Fig. 2j).

3.2. Monthly NH3 concentration response to climate factors

Spearman's partial correlation analyses revealed thatmonthly atmo-
spheric NH3 concentrations were positively correlated with monthly
surface temperature in the five US regions (Table 3). The highest corre-
lation coefficient was noted in the Mid-South (r-value = 0.651),
followed by the Midwest (r-value = 0.272) and West (r-value =
0.262) regions. In contrast, only the Mid-South showed a significantly

Table 1
Regional Kendall test of regional trends for atmospheric NH3 concentrations in the US
from 2002 to 2016.

Region Monthly Annual

Slope p Slope p

West 0.032 <0.001 0.038 <0.01
Midwest 0.043 <0.001 0.074 <0.01
Mid-South 0.033 <0.001 0.030 <0.01
Southeast 0.013 <0.050 0.015 0.11
Northeast 0.026 <0.050 0.010 0.55
The United States 0.028 <0.001 0.030 <0.05
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positive correlation between precipitation and atmospheric NH3 con-
centrations (Table 3).

Consistent with high-resolution maps of IASI NH3 seasonality and
AMoN (Wang et al., 2021), a single summer peak was observed from
AIRS NH3 in the Mid-South. There were higher peak temperatures in
summers of 2011 and 2012 in theMid-South, and elevated NH3 concen-
trations were also detected during this period (Fig. 3a). We also saw a
peak NH3 concentration in the summer of 2015 that coincided with

extremely heavy rainfall (Fig. 3a). This could be due to rice production
since rice is the third largest among cereals (after corn and wheat) in
the US and 80% of rice farms are located in the Mid-South (USDA,
NASS). Ma et al. (2021) pointed out that rice cultivation served as the
leading background source of NH3 emissions due to high temperatures
and waterlogging. In our study, we found a significantly positive corre-
lation between MMP and atmospheric NH3 concentrations in the Mid-
South (Table 3, p-value <0.01). Rice cultivation requires a substantial

Fig. 3. Temporal changes inmonthly NH3 concentrations, temperature anomalies, and precipitation anomalies in the five US regions from 2002 to 2016. Monthly NH3 concentrations are
shown as 5-month moving averages. Monthly temperature and precipitation anomalies were calculated by subtracting the 14-year average of each month.
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amount of water either from irrigation or from rainfall, and sufficient
water supply favors NH3 releases since urea can react with water and
the urease enzyme to produce ammonium carbonate (unstable com-
pound that quickly decomposes to release NH3 gas).

The positive correlation between surface temperature and NH3

found in the Midwest was in conformity with Warner et al. (2017)
who reported that high average surface temperatures in the US Mid-
west could facilitate NH3 emissions. The positive feedback between
NH3 concentrations and temperature was also supported by Hu et al.
(2021), who found that NH3 emissions peaked from May to July in
2017 in the US Corn Belt by combining tall tower, ground-based mea-
surements, andmodeling. In addition, a 2.5 °C–3.6 °C higher air temper-
ature led to abnormally higher NH3 concentrations in May 2018
compared to other months in the study region. We observed that high
NH3 concentrations in 2012 coincided with high summer temperature
and low rainfall (Fig. 3b), which was supported by Warner et al.
(2017) where hot and dry summers were conducive to high NH3 con-
centrations. However, this pattern did not persist across years. For ex-
ample, our results for 2011 showed a similarly high NH3 concentration
in summer with heavy rainfall (Fig. 3b). Table 3 shows a weak relation-
ship between NH3 concentrations and MMP in the Midwest, which may
indicate that other factors such as soil moisture, pH, and soil inorganic N
content could also affect monthly variations in NH3 concentration.

TheWest region receivedminimal annual rainfall andwas the driest
area in the US (Figs. 2c, h). We found a significantly positive correlation
between surface temperature and NH3 in this region (Table 3). Time-
series temperature data revealed that winters in the West became
warmer since 2011 despite summer temperatures being similar during
2002–2016 (Fig. 3c). Increased NH3 released from livestock manure
during warmer winters possibly contributed to increased annual NH3

concentrations.
In the Northeast and Southeast, positive correlations between sur-

face temperature and NH3 were weak. For the Northeast, manymissing
monthly NH3 concentration valuesmay have affected correlation analy-
sis results. For the Southeast, there were peak NH3 concentrations in
summers due to high temperatures (Fig. 3d). Annual rainfall in the
Northeast and Southeast were much higher than in remaining US re-
gions, and heavy rainfall usually occurred in summer months. Frequent
rainfall events could have washed livestock manure into riverine eco-
systems, leading to low NH3 emissions in both regions.

It isworth noting that large discrepancies remain inmonthlyNH3 con-
centrations observed from different satellites. High-resolution NH3 col-
umn maps from IASI found that springs exhibited the maximum level of
NH3 concentrations, which was consistent with fertilizer application
timing in theMidwest (Wang et al., 2021), while summer peaks detected
by AIRS in our study were consistent with measurements from AMoN.
Unlike the narrow summer peaks of IASI NH3 in the western US (Wang
et al., 2021), AIRS NH3 showed bimodal peaks (one in both summer and
winter) or relatively insignificant seasonal variability in some years
(Fig. 3c). This large discrepancy is partially attributed to missing data
and much coarser spatial resolution of the AIRS NH3 product. Similar to
the western US, AIRS NH3 did not show obvious single peaks in the
Northeast and Southeast formost years (Fig. 3e). However, AIRSNH3 can-
not be directly comparedwith IASI andAMoNdue to large inconsistencies
in geographic coverage of areas in both regions (Wang et al., 2021).

3.3. Impacts of anthropogenic and climatic variables onNH3 concentrations

We ran the GTWRmodel at the annual scale to examinemagnitudes
of anthropogenic and climatic influences on annual NH3 concentrations
and how suchmagnitudes change spatiotemporally from 2002 to 2015.
In addition, precipitation was excluded in the GTWR model since there
were no significant correlations of NH3 concentrations with precipita-
tion across most regions of the US (Section 3.2, Table 3). The following
analyses only focused on three driving factors (i.e., N fertilizer, livestock
manure, and temperature).

Figs. 4–6 present the spatiotemporal coefficients computed by the
GTWR model for individual driving factors for each grid cell across the
US. Our results indicated that the GTWR model reasonably captured
the effects of the three driving factors on annual NH3 concentrations;
the overall R2 (~0.205) was much higher compared to the OLS regres-
sion (R2 = ~0.061). From a regional perspective, the Midwest experi-
enced the most intensive agricultural activities since it received ~80%
of total N fertilizer and accounted for about half of total USmanure pro-
duction (Fig. 2i, j) (Bian et al., 2021; Cao et al., 2018). Thus, a substantial
amount of reactive N was available for release as NH3 gas in this region.
We found that livestock manure had a consistent positive impact on
NH3 concentrations spatiotemporally with coefficients ranging from 0
to 0.4 (Fig. 4). However, this effect slightly decreased alongwith declin-
ing stablemanure production after 2008 (Fig. 2j). A consistent higher ef-
fect of manure was detected in the western part of the Midwest
(i.e., Kansas), which had higher temperatures and less precipitation.
Nitrogen fertilizer application was another reason for higher NH3 con-
centrations in the Midwest and its effects continued to enlarge during
2002–2015 with coefficients ranging from −0.2 to 0.6 (Fig. 5). We ob-
served a continuous rise in the effect of N fertilizer in northern parts
of the Midwest (i.e., Northern Great Plains) that was largely associated
with increased fertilizer consumption for spring wheat and corn pro-
duction (Cao et al., 2020).

Our results also revealed that the influence of temperature on tem-
poral evolution of NH3 concentrations was associated with synthetic N
fertilizer use in the Northern Great Plains. Temperature had a positive
effect on NH3 concentrations with coefficients as high as 0.8 in the
northwestern Midwest, while this effect was weak and ranged from
−0.4 to 0 in the easternMidwest (Fig. 6). This contrasting effect of tem-
perature was highly associated with opposing fertilizer usage (decrease
in the eastern Midwest and a rapid increase in the northwest). Our
study notably provided evidence that synthetic N fertilizer interaction
with temperature could stimulate NH3 release (especially in more vul-
nerable regions like the Northern Great Plains), which was neglected
in previous studies (Cao et al., 2018; Li et al., 2017; Nair et al., 2019;
Warner et al., 2017; Yu et al., 2018). A recent study also observed an in-
crease over some source regions in the US Midwest in summers due to
increased temperatures and certain farm practices that promoted
greater NH3 volatilization (Shephard et al., 2020). Additionally, the
Coupled Model Intercomparison Project Phase 6 (CMIP6) ensemble

Table 2
Regional Kendall test of regional trends for synthetic N fertilizer and livestockmanure pro-
duction in the US from 2002 to 2016.

Region Fertilizer Manure

Slope p Slope p

West 0.015 <0.05 0.005 <0.05
Midwest 0.092 <0.05 0.014 <0.05
Mid-South −0.022 <0.05 −0.011 0.276
Southeast 0.002 <0.05 0.006 <0.05
Northeast 0.004 0.346 0.018 <0.001
The United States 0.092 <0.05 0.026 0.198

Table 3
Summary of Spearman's partial correlation test for monthly mean temperature and pre-
cipitation with NH3 concentration.

Region Correlation coefficient

NH3 ~ MMT NH3 ~ MMP

West 0.262⁎⁎⁎ 0.039
Midwest 0.270⁎⁎⁎ 0.109
Mid-South 0.651⁎⁎⁎ 0.213⁎⁎

Southeast 0.210⁎⁎⁎ 0.001
Northeast 0.201⁎⁎ 0.017
The United States 0.510⁎⁎⁎ 0.156⁎⁎

⁎⁎ Indicates statistical significance at 0.01 level.
⁎⁎⁎ Indicates statistical significance at 0.001 level.
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showed a significant increase in MAT across the US with more pro-
nounced rises in the northern half during 2021–2099 under all three
Shared Socioeconomic Pathways (SSPs) (Almazroui et al., 2021). Thus,
global warming interactions with substantial N additions could lead to
higher NH3 concentrations and decreased air quality in the USMidwest
for the remainder of the century. This is confirmed by a recent study by
Shen et al. (2020a) who predicted substantial increases in future NH3

emissions for the Corn Belt and Northern Great Plains (i.e., Midwest in
our study) by 2100 in the RCP8.5 climate scenario (i.e., the highest
projected emission scenario). Moreover, Hu et al. (2020) found that
peak NH3 emissions from the US Corn Belt in November 2017 were as-
sociated with above-normal air temperature. Their results imply that

future warmer fall temperatures could stimulate agricultural NH3 emis-
sions in the midwestern US due to dense livestock operations and high
synthetic nitrogen fertilizer usage.

Followed by theMidwest, theMid-South also experienced intensive
agricultural activities that introduced a considerable amount of reactive
N available for loss in the form of NH3 (Fig. 2i, j). Livestock manure
showed persistent positive impacts on NH3 concentrations across time
and space in the Mid-South (coefficients ranging from 0 to 0.2), except
for some eastern parts of this region (Fig. 4). Patterns and magnitudes
were similar to the Midwest. In addition, there was a spatiotemporal-
consistent pattern of positive effects of N fertilizer onNH3 concentrations
in the Mid-South with coefficients ranging from 0 to 0.6 (Fig. 5). The

Fig. 5. Spatiotemporal impacts of synthetic N fertilizer on NH3 concentration for each grid cell during 2002–2015. The last panel is the mean of climatological coefficients.

Fig. 4. Spatiotemporal impacts of livestock manure on NH3 concentration for each grid cell during 2002–2015. The last panel is the mean of climatological coefficients.
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impacts of temperature on NH3 concentrations were positive across cen-
tral and southern parts of theMid-Southwith coefficients ranging from 0
to 0.2 before 2010. High temperature could be a trigger for increased NH3

emissions from rice and other crop cultivations receiving intensive N fer-
tilizer andmanure applications in these two parts of theMid-South. Shen
et al. (2020a) predicted that the Southern Plains and Delta States (i.e., the
Mid-South in this study)would experience a considerable increase inNH3

emissions by 2100 in the RCP8.5 scenario when N input was fixed at the
2010 level. Consistent with Shen et al. (2020a), our study indicated that
this region would possibly become high NH3 concentration hotspots in
the context of climate warming. However, this effect gradually dimin-
ished in these two parts of the Mid-South (Fig. 6), indicating that contri-
bution of other factors (e.g., manure) increased (Fig. 4). In contrast,
there was a persistent weak impact of temperature on NH3 with coeffi-
cients ranging from −0.6 to 0 (Fig. 6) in northwestern parts of the Mid-
South, while manure and N fertilizer contributions were relatively higher
(Figs. 4–5), indicating that manure and N fertilizer were themain driving
factors for the NH3 variability in the northwestern portions of this region.

Most of theWest region lacked data due to high elevation (above the
918 hPa level that data are not shown) orweeks of persistent cloud cov-
erage (Warner et al., 2016), thus leaving only coefficients for northeast-
ern Montana and western coastal areas that include California, Oregon,
and Washington (Figs. 4–6). Livestock manure had consistent positive
impacts on NH3 concentrations spatiotemporally in the western coastal
region, with coefficients larger than 0.8 (Fig. 4). High manure influence
in this area was largely attributable to considerable NH3 emissions from
livestock farming. Furthermore, hot and dry weather conditions might
trigger more NH3 gas release from manure. Consistent with our find-
ings, Van Damme et al. (2018) identified several agricultural NH3 emis-
sion hotspots in California based on a high resolutionmapmonitored by
IASI satellite. Hotspots due to pig farms in Utah were also detected by
VanDamme et al. (2018), but were not shown in our study due tomiss-
ing data. In addition, Li et al. (2017) observed the highest NH3 concen-
trations near large concentrated animal feeding operations (CAFO) in
Colorado when using Radiello passive NH3 samplers. However, this
was not captured by NASA AIRS NH3 products (Warner et al., 2017)
due to missing data in our study. Winters in the West were getting
warmer since 2011 despite summer temperatures remaining similar
during 2002–2016 (Fig. 3c). Thus, more NH3 releases from livestock

manure duringwarmer winters possibly contribute to increased annual
NH3 concentrations (Amon et al., 2001; Misselbrook et al., 2016; Sutton
et al., 2013). The influence of N fertilizer and temperature on NH3

concentrations had a persistent weak pattern in the western coastal
regions; however, both coefficients increased from 2002 to 2015
(Figs. 5–6). This was associated with a continuous increase in fertilizer
consumption (Cao et al., 2018) along with temperature (Thornton
et al., 2016) in both regions. Similar to our findings for the Northern
Great Plains, warming interactions with increased fertilizer consump-
tion led to a continuous increase in NH3 emissions from this region.

Similar to the aforementioned three regions, impacts of livestock
manure on NH3 concentrations were positive spatiotemporally in the
Southeast and Northeast, with coefficients ranging from 0 to 0.2
(Fig. 4). Although there were numerous hotspots of high livestock ma-
nure production in the eastern part of the US from CAFO (Bian et al.,
2021), both regions had much smaller manure influences compared to
the West. In contrast to California which was dry and hot, the eastern
US was hot and humid due to year-round rainfall events. Heavy rainfall
canwash livestockmanure into nearby riverine systems resulting in less
NH3 available for release as NH3 gas (Sinha andMichalak, 2016). For ex-
ample, there was a measurable effect of CAFOwaste manures (typically
swine) on water quality in many North Carolina Coastal Plain streams
(Harden, 2015). We observed an overall positive pattern of N fertilizer
(coefficients ranging from 0 to 0.6) but a weak temperature impact
(coefficients ranging from −0.2 to 0) in the Northeast and Southeast
(except for Florida) during 2002–2015 (Figs. 4–5). Before 2008, the ef-
fect of temperature was positive in most regions of the Southeast
(coefficients ranging from 0 to 0.2), and this effect decreased
(coefficients ranging from −0.2 to 0) thereafter (Fig. 6).

3.4. Limitations

In this study, we examined the impacts of four driving factors on
spatiotemporal changes in NH3 concentrations across the US. However,
there were several limitations relevant to the driving data and the
GTWR model that should be noted. First, the data quality of AIRS NH3

products with a spatial resolution of 1° × 1°might be too coarse to iden-
tify hotspots of NH3 concentrations associated with local farm opera-
tions. Van Damme et al. (2018) successfully identified 248 hotspots

Fig. 6. Spatiotemporal impacts of annual mean temperature on NH3 concentration for each grid cell during 2002–2015. The last panel is the mean of climatological coefficients.
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with diameters smaller than 50 km globally, which served as a signifi-
cant reference for policy makers to effectively manage NH3 emissions
at farm- or local-scales. In addition, there were many missing pixels in
the western US that experienced high agricultural activities and had
hotspots identified in other studies (Li et al., 2017; Van Damme et al.,
2018). The missing data were either due to high elevation (above the
918 hPa level that data are not shown) or persistent cloudy days
(Warner et al., 2016). While there were many missing data for the
Western US, the AIRS product still successfully provided estimates for
key NH3 emission hotspots (i.e., California, Montana, andWashington).
Although this was consistent with Van Damme et al. (2018), who used
a high-resolution map obtained from IASI satellite observations, they
also identified Colorado and Utah as hotspots. Second, Spearman's par-
tial correlation analyses revealed that monthly atmospheric NH3

concentrationswere positively correlatedwithmonthly surface temper-
ature in thefiveUS regions (Table 3). However, these strong correlations
were not detected between MAT and NH3 concentrations (Table S3).
Using annual datasets of temperature might decrease the confidence
of GTWR analysis. Once available, future work should take monthly
fertilizer and manure datasets into consideration. Last, due to non-
stationarity of the model, GTWR might simulate unexpected abrupt
changes in coefficients (Huang et al., 2010). For example, the contrasting
temperature coefficient signs in 2009 and 2010 for the Southeast indi-
cates a need for further evaluations.

In addition, there are other factors that could be important for
explaining changes in NH3 concentrations. The R2 from GTWR was
~0.205, indicating that three driving factors only explain ~20.5% of the var-
iability in the dependent variable (i.e., NH3 concentrations). The decline in
atmospheric SO2 and NOx emissions due to U.S. regulations partially con-
tributed to increased NH3 concentrations across the US in recent decades
(Van Damme et al., 2020; Warner et al., 2017; Yu et al., 2018). Thus,
spatiotemporal changes in SO2 and NOx emissions should be included in
the GTWR model in our future efforts. Although agricultural activities
accounted for over 80% of NH3 emissions (Bouwman et al., 2002), the
bi-directional NH3 exchange module indicates that crop canopy tends to
absorb some of the released NH3 from fertilized soils (Bash et al., 2013;
Nemitz et al., 2001). Thus, crop types and phenology stages could be im-
portant factors regulatingNH3 releases from synthetic N fertilizer andma-
nure applications (Xu et al., 2019). In addition, agricultural management
strategies (e.g., tillage, irrigation) could affect soil properties (e.g., pH,
soil moisture) that further impact NH3 emission patterns (Ma et al.,
2021; Xu et al., 2019; Zhan et al., 2021). Failure to account for the
above-mentioned factors could introduce large uncertainties when
attempting to explain spatiotemporal changes in NH3 concentrations.

4. Conclusions

This study is one of the first attempts to investigate the causes of
spatial and temporal changes in satellite-derived atmospheric NH3 con-
centrations based on a GTWR model driven by spatially-explicit
datasets of synthetic N fertilizer application, livestock manure produc-
tion, and climate factors. Across the US, atmospheric NH3 concentra-
tions have significantly increased by 0.030 ppbv yr−1 between 2002
and 2016. The highest increase was observed in the Midwest, followed
by the Mid-South and West regions.

Reasons for these spatiotemporal changes in NH3 concentrations
were diverse. Livestock manure and N fertilizer had consistent positive
impacts on NH3 concentrations spatiotemporally in most regions of the
Midwest. We observed a continuous rise in the effect of N fertilizer in
northern portions of the Midwest (i.e., Northern Great Plains) largely
due to increased fertilizer consumption for spring wheat and corn pro-
duction. In addition, our results showed that the interactive effect be-
tween synthetic N fertilizer and temperature might stimulate the
release of NH3, especially in more vulnerable regions like the Northern
Great Plains. In most areas of the Mid-South, high temperature could be
a trigger for increasedNH3 emissions fromrice andother crop cultivations

receiving intensive N fertilizer and manure applications. The high influ-
ence of manure in the West was largely attributable to considerable
NH3 emissions from livestock farm operations in this region. In addition,
hot and dry weather might trigger more NH3 gas release from manure.
The Southeast and Northeast depicted much smaller spatiotemporally
positive influences of manure compared to the West, presumably due to
frequent rainfalls in both regions washing livestock manure into nearby
riverine systems resulting in less NH3 available for release.

Nomenclature
NH3 ammonia
N nitrogen
NOx nitrogen oxides
AMoN Atmospheric Deposition Program Ammonia Monitoring
IASI Infrared Atmospheric Sounding Interferometer
NADP National Atmospheric Deposition Program
GTWR geographical and temporal weighted regression
AIRS Atmospheric Infrared Sounder
VMRs volume mixing ratios
RKT Regional Kendall Test
MMT mean monthly temperature
MMP mean monthly precipitation
WLS weighted least squares
AICc corrected version of the Akaike information criterion
R2 R-square
OLS ordinary least squares
MAT mean annual temperatures
MAP mean annual precipitation
CMIP6 Coupled Model Intercomparison Project Phase 6
SSPs Shared Socioeconomic Pathways
CAFO concentrated animal feeding operations
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