
1.  Motivation and Background
Anthropogenic changes to nutrient cycling have had a profound impact in estuaries, where excess nitrogen (N) 
fuels primary production and subsequent degradation in water quality (i.e., eutrophication) (Bricker et al., 2008). 
Efforts to combat eutrophication in estuaries have identified the need to reduce N loading from wastewater, 
agricultural runoff, and other anthropogenic sources, but these efforts have been complicated by the uncertain 
magnitude and temporal-spatial variability of additional sources and sinks of N, such as atmospheric deposition. 
N loading from the atmosphere has been observed to increase phytoplankton productivity in several systems 
(Aguilar et al., 1999; Balint et al., 2021; Knap et al., 1986; Paerl, 1995). As managed nutrient reductions begin 
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to take effect in urbanized estuaries, the relative importance of atmospheric deposition may increase (Decina 
et al., 2017; Loughner et al., 2016; Rao et al., 2014; Redling et al., 2013). Observations in Boston, MA and recent 
modeling studies in the Chesapeake Bay region suggest that atmospheric deposition is underestimated in urban 
systems by as much as a factor of 5 on an annual basis (Loughner et al., 2016; Rao et al., 2014).

Much of our understanding of atmospheric N deposition comes from the impressive array of National Atmos-
pheric Deposition Program (NADP), Clean Air Status and Trends Network (CASNET), and Ammonia Monitor-
ing Network (AMoN) monitoring sites across the USA. Inorganic N (nitrate (NO3 −) and ammonium (NH4 +)) can 
enter estuaries from the atmosphere through wet (i.e., precipitation) or dry (i.e., gasses and aerosol) deposition. 
Comparatively, the total (wet + dry) amount of N deposited in the Eastern USA has been higher than in the 
Western USA (Benish et al., 2022). NH4 + concentrations in wet deposition have increased at 90% of USA moni-
toring sites from 1985 to 2002 (Lehmann et al., 2005). In parallel, as N oxides (NOx = NO + NO2) emissions 
(precursor to NO3 − deposition) in the USA continue to decrease due to regulations (e.g., the Clean Air Act), 
ammonia (NH3(g)) emissions (precursor to NH4 + deposition) remain relatively unregulated. Wet deposition of 
NH4 + is predicted to now constitute between 37% and 83% of wet inorganic N deposition in the USA (Davidson 
et al., 2011; Fenn et al., 2018). Moreover, reductions in NOx, as well as sulfur dioxide (SO2), have decreased the 
amount of partitioning to the particle phase (i.e., p-NH4 +), and thus increased the amount remaining in the gas 
phase (NH3(g)) (Requia et al., 2019; Van Damme et al., 2020; Vannucci & Cohen, 2022). Given the short depo-
sitional lifetime of NH3(g) (0.5 hr–0.46 days, as opposed to 3.2 days for p-NH4 +; Xu & Penner, 2012), the shift 
toward the gaseous phase has important implications for depositional patterns. It is likely that NH3(g) is removed 
close to its emission source, especially if it has reached cloud level, because precipitation efficiently scavenges 
NH3(g) (Asman et al., 1998; Fowler et al., 1997; Xu & Penner, 2012). NH3(g) is the primary alkaline molecule 
in the atmosphere and plays a key role in numerous atmospheric and climatic processes (Asman et al., 1998; 
Seinfeld & Pandis, 1979). The wet and dry deposition of NH4 + species represents a bioavailable source of reac-
tive N, and a potential ingredient for the degradation of waters and soils (Bettez & Groffman, 2013; Galloway 
et al., 2004; Howarth, 2008; Knap et al., 1986; Michaels et al., 1993).

Narragansett Bay, RI, USA epitomizes the complexity of investigating atmospheric N deposition in the context 
of managed N reductions in an urbanized estuary. Although contemporary N budgets assume that wet and 
dry atmospheric deposition in this system have remained unchanged since they were measured in 1988–1990 
(Fraher, 1991; Narragansett Bay Estuary Program, 2017; Nixon et al., 1995; Schmidt, 2014), recent works suggest 
that Narragansett Bay, like much of the nation, has experienced large increases in atmospheric N deposition due 
to increases in wet deposition of NH4 +. Event-based precipitation collected in Providence, RI found that total 
inorganic N directly entering the Bay via wet deposition is currently underestimated by at least a factor of ∼2.5 
times (Joyce et al., 2020) due to a ∼6-fold increase in NH4 + deposition. Although there are large uncertainties 
regarding the role of atmospheric N in Narragansett Bay N cycling, recent work shows that precipitation-derived 
sources of N (e.g., stormwater runoff) constitute a large component of the N budget (Balint et al., 2021). Scaling 
recent precipitation-derived N observations using the Nixon et al.  (1995) framework, which is used in policy 
today, yields a total of 1,179 × 10 3 kg N yr −1 (Balint et al., 2021) compared to the currently used estimate of 
419 × 10 3 kg N yr −1 (Narragansett Bay Estuary Program, 2017; Nixon et al., 1995). Dry deposition is typically 
modeled to represent an additional 40%, but the bi-directional exchange capability of NH3(g) makes its exact 
magnitude uncertain (Bash et al., 2013). In fact, NH3(g) in previous dry deposition estimates has not been included 
due to uncertainties in the flux direction (Fraher, 1991). Dry deposition not only represents an important and 
under-constrained component of direct deposition to the Bay, but also has an indirect role through stormwater 
runoff.

Given the vast increase in wet deposition of NH4 + in the recent past and the significant uncertainty under-
lying dry deposition estimates, there is a critical need to quantify atmospheric deposition of total ammonia 
(NHx = NH3(g) + p-NH4 +) to Narragansett Bay. For the first time, dry (particulate and gas phase) deposition of 
NHx and the bi-directional NH3(g) flux were quantified over Narragansett Bay using a relaxed eddy accumulation 
(REA) sampling technique (Fotiadi et al., 2005). To our knowledge, this is also the first attempt at deploying the 
REA system over open water. This method requires precise knowledge of local micrometeorology and a method 
for separately collecting NH3(g) (gas phase) and p-NH4 + (particle phase) (Meyers et al., 2006; Nelson et al., 2017). 
The REA methodology has demonstrated the ability to quantify NH3 flux measurements in agricultural (Nelson 
et al., 2017) and salt marsh studies (Lichiheb et al., 2021), and thus may be an appropriate approach for dry 
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deposition measurements over Narragansett Bay. Here, we test this approach by deploying the system in Narra-
gansett Bay to inform our understanding of N dynamics in this study system and other urbanized estuaries.

2.  Methods and Approach
2.1.  Study System

Narragansett Bay, RI, USA is a temperate estuary located within RI and MA with an extensive history of N 
pollution and contemporary mitigation efforts (Nixon et al., 2008; Oczkowski et al., 2018). There are north-south 
gradients in salinity, urbanization, and eutrophication, with the heavily urbanized Providence River Estuary at 
the head of the Bay experiencing the greatest N loading from wastewater treatment facilities, freshwater river-
ine loading, stormwater, and atmospheric deposition (NBEP, 2017). Dry deposition of NHx directly to the Bay 
was determined using a REA sampling technique in October 2019 and in September–October 2020. The REA 
sampling system was erected at 41°47′23.32″N, 71°22′25.36″W, placing it 1.2  km southeast of Fields Point 
wastewater treatment facility, 3.6 km south of Interstate 195, and amidst the densely urbanized City of Providence 
two of its adjacent suburbs, Cranston and East Providence (Figure 1).

The predominant wind direction during the summer and fall is from the south, and the location was selected to 
provide overwater fetch that was >0.5 km and which extended from due south westward to the north-northwest. 
The REA sampling system was mounted on a fixed piling 40 m from shore and was accessible via a floating dock.

2.2.  Relaxed Eddy Accumulation and Eddy Covariance Flux Methods

The vertical flux of NH3(g) was estimated using the relaxed eddy-accumulation method, REA, (Businger & 
Oncley, 1990), as implemented by Meyers et al.  (2006). The system is composed of an ultrasonic anemome-
ter (RM Young, Model: 81000VRE) interfaced with solenoid valves (WIC Valve, Model: 2ACK-1/4) and a 
mass flow controller (Aalborg, Model: GFCS-018856) via a computer (Figure  2). The mass flow controller 
was calibrated at the University of Rhode Island at Temperature = 25°C, Pressure = 1 atm. Three separate filter 
pack trains (described below) were used to sample updraft, downdraft, and deadband (i.e., ±0.11 m s −1) periods 
(Nelson et al., 2017). During operation, the vertical velocity of the ambient air, as detected from the anemometer, 
was used to determine whether the instrument was operating in an updraft, downdraft, or deadband condition at 
1 Hz resolution (Meyers et al., 2006). The solenoid valves were operated to select the appropriate filter train, and 
air was drawn through them at 16.7 L min −1 using a vacuum pump (Welch 2546B-01) A flow rate of 16.7 L min −1 
was selected because it was the maximum flow rate that could be used for NH3(g) and p-NH4 + collection with 
the filter packs. A fourth filter pack train served as a field blank. Average air temperature, wind speed, and 
wind direction were recorded from the anemometer at a 30-min time resolution. The REA sampling system was 
mounted on a 3 m aluminum tower fixed to a wooden piling, accessible from a floating dock.

The flux of NH3(g) as calculated by the REA system is algebraically expressed by:

𝐹𝐹REA

(

NH3(g)

)

= 𝛽𝛽𝛽𝛽𝑤𝑤

(

[

NH3(g)

]↑
−
[

NH3(g)

]↓
)

� (1)

where, 𝐴𝐴 𝐴𝐴REA

(

NH3(g)

)

 is the REA-determined flux of NH3(g), 𝐴𝐴 𝐴𝐴𝑤𝑤 is the standard deviation of the vertical velocity, 
𝐴𝐴

[

NH3(g)

]↑ is the mean concentration of NH3(g) in updrafts, 𝐴𝐴
[

NH3(g)

]↓ is the mean concentration of NH3(g) in the 
downdrafts, and β is an empirical proportionally coefficient. The 1-s average vertical wind component is used 
to trigger the valves, which permit the collection of updraft and downdraft samples and determine 𝐴𝐴

[

NH3(g)

]↑ and 

𝐴𝐴
[

NH3(g)

]↓ . The coefficient β is estimated from the sensible heat fluxes determined using: (a) the REA method 
applied to temperature, and (b) the sensible heat flux determined using an eddy-covariance (EC; Equation 2) 
measurement. The two fluxes are measured by the sonic anemometer used in the REA–NH3(g) method to control 
the valve switching and to determine the vertical velocity variance. The vertical velocity measurement is used to 
sift and average 𝐴𝐴 𝐴𝐴  in updrafts and downdrafts, 𝐴𝐴 [𝑇𝑇 ]↑ and 𝐴𝐴 [𝑇𝑇 ]↓ . The EC sensible heat flux method is algebraically 
expressed by:

𝐹𝐹EC(𝑇𝑇 ) = 𝑤𝑤′𝑇𝑇 ′� (2)

where, 𝐴𝐴 𝐴𝐴EC(𝑇𝑇 ) is the vertical flux of sensible heat, 𝐴𝐴 𝐴𝐴′ is the vertical velocity perturbation, 𝐴𝐴 𝐴𝐴 ′ is the perturbation in 
𝐴𝐴 𝐴𝐴  , and 𝐴𝐴 𝐴𝐴′𝑇𝑇 ′ is the time-averaged product of the vertical velocity perturbation and temperature perturbation. The 
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EC sample averaging time used to calculate β for the NH3(g) flux was equal to the NH3 filter pack sample interval, 
normally 4 hr. β is the ratio of the REA flux to the EC flux:

𝛽𝛽 =
𝐹𝐹REA(𝑇𝑇 )

𝐹𝐹EC(𝑇𝑇 )
=

⟨

𝑤𝑤′𝑇𝑇 ′
⟩

𝜎𝜎𝑤𝑤

(

𝑇𝑇 ↑ − 𝑇𝑇 ↓
)� (3)

The scalar flux of heat is assumed to capture the same dynamical flux processes as that for a chemical scalar flux 
and β for the sensible heat flux can therefore be used to estimate β for the NH3(g) flux. An implicit assumption 

Figure 1.  Map of Providence River Estuary displaying the dry deposition sampling (relaxed eddy accumulation (REA)), 
water quality sampling (Narragansett Bay Commission (NBC, 2021a) buoys and sonde), and meteorological (National 
Oceanic and Atmospheric Administration (NOAA)) and river discharge (United States Geological Survey (USGS)) station 
locations utilized in this study and their relation to N point sources (i.e., wastewater treatment facility (WWTF)). Urbanization 
is displayed by gray scale, with the darkest gray color representing the highest level of urbanization (RIGIS, 2022).
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in the above determination of 𝐴𝐴 𝐴𝐴 is that both sensible heat flux estimates share a common mean air density and 
specific heat capacity such that these terms cancel when the two fluxes are ratioed in (Equation 3) and therefore 
were not included in (Equation 1) and (Equation 2).

LI-COR EddyPro 7.0 software (Fratini & Mauder,  2014; LI-COR Biosciences,  2021) is used for EC quality 
control and to estimate 1-dimensional (1-D) upwind footprints of flux contribution using the method of Kljun 
et al. (2004). The EC sample averaging time is 30 min. A 1-D footprint is aligned with the 30-min wind direction. 
The sample site is taken as the origin and distance increases radially into the wind. The 1-D footprint estimates 
the cumulative fraction of the flux between the measurement site and the upwind distance. The fetch distance 
accounts for 10% and 90% of the sensible heat flux for a given wind direction. Figure 3 displays the 10th and 
90th percentiles of the 1-D footprint for all recorded 30-min EC sampling periods as a function of wind direction.

Sample timing and duration (4 hr) depended on the REA and EC quality assurance process and the chemical 
analytical precision (Fotiadi et al., 2005; Jarvi, 2009). Samples were collected within 2 hr of high tide to minimize 

Figure 2.  Dry deposition collection of total ammonia (NHx = NH3(g) + p-NH4 +). The REA control boxes, which control sample collection, are attached to a 3 m tower. 
Samplers are connected to the tubing positioned on top of the tower, which sit at the same height as the anemometer. A vacuum pump is housed within a plastic box on 
top of the piling. This sampling set up allows for direct NH3(g) flux measurement (i.e., NH3(g) into and out of the water).
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dock height fluctuations. On average, the tide changed 1.4 ± 0.2 m from high to low tide during the sampling 
period. Lastly, samples were not collected on days with precipitation to ensure that gasses and particles were 
not wet scavenged from the air column (preliminary work has shown that the gasses and particle concentrations 
sampled on rainy days were below our limit of detection), or on days with excessive wave height that prevented 
safe access to the system from the floating dock.

2.3.  NHx Concentration Determination

Collection of particulate ammonium (p-NH4 +) and gaseous ammonia (NH3(g)) was conducted using an open face 
inlet filter pack series, with a Teflon filter followed by a glass fiber filter coated in a 5% acid solution. Potential 
loss of p-NH4 + was minimized using the open face inlet. Citric acid, oxalic acid, and phosphoric acid were each 
tested as potential solutions to use for collection. Citric acid exhibited the lowest NH3(g) blank and was therefore 
used for all sampling. A laboratory blank was collected before each sampling period, and a travel blank was 
collected every 3 rd trip. Preparation and extraction of filters followed the NADP standard operating procedure 
(PR-4074; NADP, 2012). All filter samples were sonicated for 1-hr, filtered using a 0.22 μm syringe filter, and 
frozen at −20°C until subsequent analysis. NH3(g) and p-NH4 + concentrations for each filter pack sample set (i.e., 
updraft, downdraft, deadband, laboratory blank, and field blank) were determined via a colorimetric method 
(SMARTCHEM EPA Compliant Method 350.1) using a discrete UV-Vis analyzer (Westco SmartChem 200). 
The limit of detection for [NH4 +] was 0.7 μmol L −1. Based on repeated measures of standards, sample dupli-
cates, and an in-house quality control sample, the pooled standard deviation (1σ) for [NH4 +] was 0.6 μmol L −1. 
Liquid concentrations (μmol L −1) were converted to air concentrations (μg m −3) based on extraction volume 
(L), run time (min), and volume of air sampled (L min −1). All laboratory and field blanks had detectable NHx 
concentrations lower than the field samples, and thus were subtracted from field samples to determine final 

Figure 3.  Cumulative flux contribution 1-D footprint as a function of 30 min mean wind direction. The minimum and maximum values of the orange segment 
represent the 10th and 90th percentiles, respectively, of the 1-D footprint from the flux measurement site.
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concentrations. Ambient NHx concentrations during the sampling runs were then calculated by summing NH3(g) 
and p-NH4 + concentrations. Finally, NH3(g) fluxes for each sampling run were calculated using Equations 1–3.

2.4.  Local Environmental Measurements and Statistical Interpretation

Publicly available bi-weekly NH3(g) surface water concentrations collected at six stations within the Providence 
River Estuary were obtained from the Narragansett Bay Commission (NBC, 2021a) for 2015–2020 (NBC, 2021a). 
These sites were chosen to capture any potential surface water nutrient concentration gradients. NBC station 
locations relative to the REA sample site are shown on Figure 1. Five years of data were compared to ensure 
the surface water concentrations observed during the REA sampling period were typical to prior years (Table 
S1 in Supporting Information S1). Water concentrations measured during the sampling dates in 2019 and 2020 
were then used to characterize NH3(g) water-atmospheric exchange. The maximum NH3(g) loss to the atmosphere 
from the water was estimated using NH3(g) concentration in the surface water, Henry's Law Constant, exchange 
velocity, and the surface area of the Providence River Estuary. Surface area was calculated to be 13 km 2 using 
ArcGIS Pro (RIGIS, 2022).

Six-minute resolution meteorological data (wind speed, wind direction, and air temperature) and physical 
oceanography data (water temperature, predicted tidal height, and observed tidal height) were obtained from 
the National Oceanic and Atmospheric Administration (NOAA) station 8454000 (wind speed, wind direction, 
air temperature, and water temperature data were not available for October 2019) (NOAA, 2020). Additionally, 
daily mean discharge data from the Providence River was obtained from the United States Geological Survey 
(USGS) station 01114000 (USGS, 2021). Finally, 15-min resolution water quality data (water temperature, pH, 
chlorophyll, and salinity) were obtained from NBC's Phillipsdale sonde, located upstream in the Seekonk River 
(NBC, 2019, 2020) (Table S2 in Supporting Information S1). Water quality monitoring methodology and data 
quality assurance are detailed in NBC 2021b. The average wind direction during each sampling event was used 
to assess the possibility of land interference. Data were binned as land, water, or indeterminate based on their 
1-D footprint, as described above. Mean values of environmental observations taken during each REA sampling 
event were compared to NH3(g) flux and concentration using a Pearson's linear correlation matrix. Differences 
in runtime between the updraft, downdraft, and deadband filter trains were assessed using an ANOVA with 
Tukey's HSD post-hoc testing after normality was confirmed with Shapiro-Wilks tests, while differences in 
NHx concentration between directions were assessed using Kruskal-Wallis testing with Dunns post-hoc testing 
due to non-normality. Differences in NH3 surface water concentrations between years, seasons, and stations 
were assessed using Kruskal-Wallis testing with Dunns post-hoc testing due to non-normality. Analyses were 
performed in R version 4.2.1 (R Core Team, 2022).

3.  Results
3.1.  REA Performance and NH3 Flux

A total of 23 sampling periods were conducted, with 3 measurements in 2019 (October 19th to 20th) and 20 meas-
urements in 2020 (August 26th to October 10th). Differences in runtime and concentration between the downdraft 
and updraft were not significant (p > 0.05, n = 23) (Figure S1 in Supporting Information S1). Air temperatures 
during sample collection ranged from 9.3 to 26.4°C and wind speeds ranged from 0.7 to 5.4 m/s 2. Concentrations 
are reported as averages ± one standard deviation (±1σ, n = 22). Laboratory blanks were 5.5 ± 2.1 μmol L −1 and 
field blanks were 6.7 ± 2.1 μmol L −1. NHx concentrations (before blank corrections) were 12.7 ± 3.9 μmol L −1 
for updraft; 13.0 ± 5.0 μmol L −1 for downdraft; and 13.9 ± 7.4 μmol L −1 for deadband. Thus, NHx concentrations 
were low enough that blank NHx originating from the coating solution, filter preparation, and/or transport to the 
sampling location constituted an average of 46% (range of 7.2%–92.5%) of the measured NHx. After correct-
ing for the blanks and converting to air concentrations, total NHx ranged from 0.3 to 8.2 μg-N m −3 (average 
2.1 ± 1.8 μg-N m −3) for NH3(g) and 0.0–0.2 μg-N m −3 (average 0.1 ± 0.05 μg-N m −3) for p-NH4 + (Figure 5; Table 
S3 in Supporting Information S1). (Please note that these values reflect the sum of updraft, downdraft, and dead-
band positions). The majority of dry NHx was observed in the gas phase, which is similar to recent Providence, 
RI measurements during summer/fall conditions (Walters et al., 2022). By direction, NHx concentrations across 
all events averaged 0.6 ± 0.4 μg-N m −3 for updraft; 0.8 ± 0.9 μg-N m −3 for downdraft; and 0.7 ± 0.5 μg-N m −3 
for deadband (Figure S2 in Supporting Information S1).
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Eleven samples were influenced by land-to-sea air flow, hereafter referred to as “land-derived,” and were there-
fore removed for flux determination and analysis (Figure 4). Three samples were classified as “indeterminate” 
based on the possibility of land influence, and therefore were excluded from analysis. Because land interference 
was not certain, a flux for each indeterminate sample is reported in the Supporting Information S1. Fluxes are 
reported as positive for net volatilization (upward direction) and negative for net deposition (downward direc-
tion). The vertical flux of NH3(g) was estimated for each sample where flow originated over the sea, hereafter 
referred to as “water-derived” (n = 9; Figure 5). The net flux was close to zero, ranging from −2.3 × 10 −2 to 
6.8 × 10 −2 μg-N m −2 s −1 (average 1.2 × 10 −2 ± 4.0 × 10 −2).

3.2.  Environmental Parameters and Statistical Analysis

Of the 23 total sampling periods, 9 were classified as water-derived based on wind direction (Figure 4, Table S4 
in Supporting Information S1). The results from the linear correlation matrix are shown in Figure S3 and Table 
S5 in Supporting Information S1. NH3(g) concentration exhibited a significant linear relationship with chlorophyll 
concentration measured at the NBC sonde when land and water samples were considered (p = 0.032, r 2 = 0.23, 
n = 20) and water-derived samples (p = 0.034, r 2 = 0.50, n = 9) (Figure 6). Furthermore, a significant linear 
relationship was evident with pH for land and water samples (p = 0.034, r 2 = 0.23, n = 20), but not for land or 
water samples considered individually (Figure 6).

Bi-weekly NH3(g) surface water concentrations during the REA sampling period averaged 5.8 ± 5.2 μmol L −1. 
Fall surface water concentrations for 2020 were significantly different from fall surface water concentrations 
recorded in 2018 (p = 0.0012, n = 65) but were not significantly different from 2016, 2017, or 2019 (p > 0.05, 
n = 147). Station location did not influence fall water concentration during 2019 or 2020 (p = 0.23, n = 61). 
Surface water concentrations during the fall of 2019 and 2020 were significantly lower than during the winter 
(p < 0.0001, n = 116) (Figure S4 in Supporting Information S1).

Figure 4.  Satellite view of sample site overlayed by a wind rose displaying the fetch (outer circle), wind speed, and wind direction. Samples impacted by land influence 
are shown with white fill.
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Figure 5.  Times series displaying NH3(g) concentration (top) and flux (bottom) versus sampling days. NH3(g) concentrations are plotted by classification of 
water-derived, land-derived, and indeterminate (Table S4 in Supporting Information S1). A downward flux is displayed with a negative sign to represent the change in 
direction.
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4.  Discussion
4.1.  NHx Concentration and NH3(g) Flux

Atmospheric NH3(g) concentrations observed in this study (0.3–8.2  μg-N  m −3; average 2.1  ±  1.8  μg-N  m −3) 
aligned with recent observations conducted over water (Table 1) and land. For example, NH3(g) above a grassland 
near Tampa, FL USA ranged from 1.3 to 8.7 μg-N m −3 (average 3.5 ± 2.2 μg-N m −3; Myles et al., 2007), NH3(g) 
above a cornfield in Urbana, IL USA ranged from 0.3 to 8.1 μg-N m −3 (average 2.6 ± 2.0 μg-N m −3; Nelson 
et al., 2017), and NH3(g) above a maize field in Beltsville, MD USA ranged from 0.6 to 9.6 μg-N m −3 (average 
3.6 ± 2.3 μg-N m −3; Meyers et al., 2006)). The mean [NH3(g)] over Narragansett Bay aligns most closely with 
the [NH3(g)] observed over Tampa Bay (Poor et al., 2001). The flux ranges over Narragansett Bay (this study) 
have a similar magnitude to other observed fluxes over open water (Table 1). Like [NH3(g)], the mean flux of 
NH3(g) over Narragansett Bay aligns most closely with the fluxes over Tampa Bay. To put our measurements 
into a larger context, the fluxes from this study are small relative to those over a corn canopy that was deter-
mined using the REA method during fertilization and other management practices: flux range of −8.5 × 10 −3 to 
8.0 × 10 −1 μg-N m −2 s −1, with a mean flux of 3.6 × 10 −1 μg-N m −2 s −1 (Nelson et al., 2017). Our measurements 
were conducted in a region with no significant agricultural footprint, and a non-agricultural, urban system may 
be sensitive to these smaller fluxes.

NH3(g) concentration was negatively correlated with surface chlorophyll concentration and surface pH measured 
in the Seekonk River, upstream of the REA system (Figure 6). Past work in this system has shown that chloro-
phyll concentration responds to inorganic nutrient inputs from rainfall (Balint et al., 2021), suggesting a positive 
relationship between atmospheric NH3(g) concentration and chlorophyll if we assume chlorophyll as a proxy for 
inorganic nutrient concentration in the water column. Similarly to chlorophyll, pH can be a valuable proxy for 

Figure 6.  Linear regression between atmospheric NH3(g) concentration and surface water chlorophyll concentration (left) and surface water pH (right) for land-derived 
samples (top) and water-derived samples (bottom).
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primary production, with higher pH values indicative of greater rates of photosynthesis. However, 
the inverse relationship observed in this study with both chlorophyll and pH counters the hypothesis 
that inorganic nutrients are simultaneously increasing atmospheric NH3 concentration and stimulat-
ing primary production. Instead, our results may be reflective of primary production depleting resid-
ual inorganic nitrogen. Lag times between nutrient inputs and chlorophyll concentration in this study 
system remains an area of current research (e.g., Balint et al., 2021; Oviatt et al., 2022), and future 
work should utilize high temporal resolution water, sediment, and atmospheric flux measurements 
to further investigate the potential relationship between water column inorganic nitrogen concen-
tration, NH3(g) concentration, and NH3(g) flux. Co-located deposition and water quality monitoring 
would provide information on source allocation, trends, risk to sensitive ecosystems, and efficacy of 
pollution reduction efforts (Amos et al., 2018).

Interestingly, NH3(g) flux and concentration were not correlated with environmental variables such 
as wind speed, wind direction, air temperature, water temperature, or time (from both seasonal and 
diurnal perspectives) (Table S5 and Figure S3 in Supporting Information S1). However, we note 
that sampling was conducted under a limited regime, with a need to avoid high wind speed days 
for safety purposes and the removal of northeastern wind directions from NH3(g) flux calculations 
due to land interference. It is possible that avoiding high wind speed days could bias the data set. 
Shen et al. (2016) measured NH3 dry deposition within 1 km of a commercial beef cattle feedlot in 
Victoria, Australia and estimated that the feedlot accounted for 8.1% of total annual NH3 emissions. 
The authors suggest that their lower fraction of emissions deposited locally relative to other feedlot 
studies (e.g., 16% within 1 km estimated by Hao et al. (2006) and 10.4% within 0.5 km calculated by 
Walker et al. (2009)) could be attributed to the relatively higher wind speeds at their site. High NH3 
emission rate is favored with high wind speeds; however, windy conditions may also result in quick 
dispersion and dilution of the NH3 plume, such that lower NH3 concentrations and dry deposition 
are found in downwind regions (Shen et al., 2016). Finally, although future work in this system could 
utilize a location with less land interference to better resolve the relationship between wind direction 
and NH3(g) flux, we note that such a location (e.g., a piling, buoy, rock outcropping) would be even 
more vulnerable to sampling during high wind conditions.

We found that the upward flux of NH3(g) (i.e., N from the Bay to the atmosphere) dominates during 
the fall season (Table S6 in Supporting Information S1). Ionized NH4 + converts to nonionized NH3 
in alkaline waters (pH above 7.2), which can be lost from the water to the atmosphere as a gas (Vlek 
and Stumpe (1978)). Vlek and Craswell (1981) concluded that NH3(g) volatilization increases with 
increasing NH4 + concentration and water pH. During our fall sampling period, surface water concen-
trations were high (Figure S4 in Supporting Information S1) and water pH ranged from 7.35 to 7.86.

Loss of N from the Bay to the atmosphere has important implications for urban air quality when 
considered in the context of seasonal changes in wet atmospheric deposition and surface water 
NH3(g) concentrations. Joyce et al. (2020) found that inorganic N in Providence wet deposition was 
lowest during the fall season. Adding the wet deposition measurements to our observations, we 
find that the total (wet + dry) atmospheric deposition of NHx is often lower than surface water NHx 
concentrations, which can help to explain the net upward flux. Larsen et al. (2001) estimated the flux 
of NH3(g) into and out of the water at two locations along the Chesapeake Bay (Baltimore (urban) 
and Solomons (rural), MD), and similarly found that the flux was greatest out of the water during 
peak surface water concentrations, agreeing with the findings in this study. Like Narragansett Bay, 
the Chesapeake Bay is a N-limited system that suffers from hypoxic conditions in response to excess 
N loading in the summer months (Larsen et al., 2001). Interestingly, Walters et al. (2022) observed 
atmospheric NH3(g) in Providence, RI coming from the Narragansett Bay region during the 2018 fall 
season, further suggesting that surface water may be an important NH3(g) source at certain times of 
the year, although additional studies are needed.

The maximum potential amount of N lost from the Bay to the atmosphere was estimated to be 
7,300 mol N d −1, using surface water NH3(g) concentrations with Henry's Equilibrium. Including this 
estimate (7,300 mol N d −1) into the seasonal fall NH3(g) emissions sources for Providence County 
(US EPA National Emission Inventory), we compute that N released from the Bay to the atmosphere St
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can make up to ∼10% of the total anthropogenic NH3(g) emission budget. Using our limited upward flux measure-
ments (n = 3 water-derived), we then calculated the amount of N lost from the Bay to the atmosphere to compare 
to our estimate. Our observations suggest that 4,200 mol N d −1 are lost from the Bay to the atmosphere, which is 
within the same order of magnitude of our other calculated estimate (7,300 mol N d −1). Thus, it is likely that N 
emitted from the Bay can be an important contribution to NH3(g) in the atmosphere during the fall season when 
surface water concentrations are relatively high.

4.2.  Estimate of Annual Atmospheric Deposition in Narragansett Bay

In 1989–1990, wet deposition of NO3 − and NH4 + were monitored, following NADP collection guidelines, in four 
locations across RI to identify any biases associated with urbanization (Fraher, 1991). An urban-rural gradient 
was not identified, and therefore Prudence Island (the Southernmost monitoring site located in the center of 
Narragansett Bay) was selected and considered representative of wet N deposition to the Bay. Dry deposition of 
total NO3 − (HNO3(g) and p-NO3 −) was also monitored on Prudence Island from 7/90–10/90 using denuders to 
separate gaseous and particulate phase (Fraher, 1991). Nixon et al. (1995) used these year-round wet (NO3 − and 
NH4 +) and seasonal dry (HNO3(g) and p-NO3 −) deposition observations, along with estimated dissolved inorganic 
nitrogen (DON), to estimate total annual N deposition to the Bay. DON was estimated following the relationship 
established by Nowicki and Oviatt (1990), where DON = 0.56 × NO3 − + 0.49. The annual N deposition esti-
mate by Nixon et al., 1995 (30.0 𝐴𝐴 ×  10 6 mol N yr −1; Table 2) is currently used for policy driven nutrient budgets 
for Narragansett Bay, though the total does not include dry deposition of NHx since it has not been monitored 
prior to this study. Based on recent observed wet deposition (NO3 − and NH4 +; Joyce et al., 2020), estimated 
DON (Table 2), previous dry deposition of total NO3 − (Nixon et al., 1995), and observed dry deposition of NHx 
(this work), we computed a total N deposition to the Bay of 64.8 𝐴𝐴 ×  10 6 mol N yr −1 (Table 2). We note that the 
updated total N deposition estimate (Table 2) depends on estimated DON and dry deposition of total NO3 −, as 
well as the scalability of our fall NHx values to all seasons. We estimated DON by assuming a 30% contribution 
to wet  total N, following recent studies that have shown that DON makes up ∼30% of wet N deposition (e.g., 
Decina et  al.,  2018; Kanakidou et  al.,  2012). The DON estimate reported in Nixon et  al.  (1995) contributes 
27% to total wet N, agreeing well with the suggested ∼30% contribution. Presumably, the dry deposition of 
total NO3 − would have somewhat changed since 1990. Simulated results from an atmospheric chemistry model 
(GEOS-Chem) have shown that decreased SO2 and NOx emissions result in more efficient secondary aerosol 
formation, because aerosol pH and oxidation efficiency increase under those conditions (e.g., Shah et al., 2018). 
Thus, p-NO3 − concentrations in the Northeastern USA have been expected to increase. The seasonal scalability is 
likely realistic based on year-round NH3(g) measurements made by Walters et al. (2022) in the greater Providence 
area, where observed concentrations averaged 0.9 ± 0.5 μg m −3. This average was in good agreement with our 

N form Nixon et al. (1995) Joyce et al. (2020)

Wet deposition Nitrate (NO3 −) 9.5 3.1

Ammonium (NH4 +) 5.6 34.9

Dissolved Organic Nitrogen (DON) 5.6 11.4

N form Nixon et al. (1995) This Study

Dry deposition Ammonia (NH3(g)) Not measured 5.9

Particulate Ammonium (p-NH4 +) Not measured 0.3

Nitric Acid (HNO3(g)) 5.9 5.9 a

Particulate Nitrate (p-NO3 −) 3.3 3.3 a

Total N deposition 29.9 64.8

Note. All values are reported in ×10 6 mol yr −1. Annual NO3 −, NH4 +, NH3(g), p-NH4 +, HNO3(g), p-NO3 − deposition determined 
following the Nixon et al. (1995) framework. Dissolved organic nitrogen estimated assuming a 30% contribution to wet total 
N (e.g., Decina et al., 2018; Kanakidou et al., 2012). The bold values “29.9” and “64.8” reflect total nitrogen deposition (i.e., 
sum of wet + dry deposition) for Joyce et al. (2020) and Nixon et al. (1995).
 aHNO3(g) and p-NO3 − values come from Nixon et al. (1995), as no newer measurements exist for Narragansett Bay.

Table 2 
Annual Wet and Dry Atmospheric Deposition for Different N Forms and Total N
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average values for each position (i.e., 0.6 ± 0.4, 0.8 ± 0.9, and 0.7 ± 0.5 μg-N m −3 for updraft, downdraft, and 
deadband, respectively). Moreover, Larsen et al. (2001) observed no seasonality in NHx deposition at the urban 
sampling site along the Chesapeake Bay watershed, nor did they find significant annual differences, suggesting 
little to no influence of interannual variability in atmospheric conditions. It is interesting to note that the observed 
atmospheric p-NH4 + was much higher in the city of Providence (0.4 ± 0.3 μg-N m −3; Walters et al., 2022) when 
compared to over Narragansett Bay (0.1 ± 0.05 μg-N m −3), indicating that the city is more conducive to partic-
ulate formation.

4.3.  Case Study: 8 August 2020

Elevated NHx concentrations (as high as 4.3  μg-N  m −3) and the largest downward flux of NH3(g) 
(−4.6 × 10 −1 μg-N m −2 s −1) were observed during the third sampling period in this study, which occurred on 8 
August 2020. This day had the warmest air temperatures (between 0.8–17.1°C warmer than all other sampling 
days), higher than average wind speeds (1.1 m s −1 higher than the average wind speed), and winds originating 
from the Providence (i.e., urban) region. Thus, it is possible that the meteorological conditions during our third 
sampling period caused the large downward flux (i.e., N deposited from the atmosphere to the Bay). The higher 
concentrations observed agree with NHx observations from the city of Providence (e.g., [NHx] ranged from 
0.3–7.3 μg-N m −3 in 2018; Walters et al., 2022). However, we note that the scarcity of measurements under these 
conditions makes it impossible to determine whether this sample is representative of the environment or an arti-
fact of our methodology. Moreover, the wind origin for this sample period was categorized as “indeterminate,” 
based on the possibility of land interference at the start or end of the runtime. In the future, it would be useful to 
sample on days with high wind speeds, high temperature, and northeastern wind directions to better understand if 
these meteorological conditions are conducive to high flux of atmospheric NH3(g) to the Bay.

4.4.  Sampling Challenges

To our knowledge, this study represents the first attempt to measure NH3(g) fluxes between the atmosphere and 
water directly. The scarcity of NH3(g) flux measurements reflects the challenges of the REA sampling technique, 
and we describe the difficulties encountered in this study as they are important factors to consider for future work 
over open water.

The REA technique is sensitive to atmospheric disturbance and the position of nearby land features; thus, select-
ing a sampling location must take these factors into account. The system must be installed in a location with 
adequate fetch from the prevailing wind direction to avoid land interference. Furthermore, the system must be 
located on a rigid structure because movement from a floating dock or buoy can influence anemometer measure-
ments. Electrical power from the shore is required to operate the vacuum pump as a gasoline-powered generator 
would constitute a source of NH3(g) emissions. Our REA system was initially installed atop a former shipping 
wharf on Prudence Island, RI, which provided numerous benefits: the island experiences minimal impact from 
urban development and has research infrastructure already established on the island by the National Estuarine 
Research Reserve System; previous dry deposition measurements of HNO3(g) and p-NO3 − were conducted by 
Fraher (1991) on this island; and the wharf placed the system 300 m from shore which allowed flux measure-
ments to be obtained from any wind direction. Unfortunately, the height and size of the wharf caused atmospheric 
disturbance from southerly wind directions, as evidenced by disproportionate updraft measurements, which 
ended the use of this location in our study. The system was then moved to a piling in Riverside, RI (located north 
of Prudence Island) that was accessible during the fall months from a floating dock. While this location did not 
suffer from the same atmospheric interference as the wharf, its closer proximity to land greatly constrained the 
wind directions that could be used to measure air-water flux. Furthermore, the use of a floating dock limited 
access to the sampling tower to the fall months and to when the water height was within 2 hr of high tide, which 
constrained the number and duration of sampling events that were possible. Lastly, Riverside is substantially 
more urban than Prudence Island. Nearly 2 million people reside along the watershed, and the majority of these 
individuals are located on the northern end. In the future, additional measurements along the watershed would be 
useful to examine heterogeneity in dry deposition of NHx and the flux of NH3(g).

Collecting and quantifying NHx with the temporal resolution necessary for the REA approach also proved chal-
lenging. Acid-coated (2% citric acid) honeycomb denuders and a downstream particulate filter (5% citric acid 
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coated cellulose filter) 23 housed in a ChemComb Speciation Cartridge™ were initially used for the collection 
of NH3(g) and p-NH4 + (Koutrakis et al., 1993). This method is susceptible to breakthrough at flow rates greater 
than 10 L min −1, which at ambient NHx concentrations necessitated runtimes in excess of 6 hr. The switch to the 
Riverside, RI location constrained our sampling window to within 2 hr of high tide, which necessitated a switch 
to filter packs that utilized a higher flow rate (16 L min −1) without breakthrough.

5.  Conclusion
In the first attempt to utilize a relaxed eddy accumulation system over open water, we quantified atmospheric 
deposition of total ammonia (NHx = NH3(g) + p-NH4 +) to the Narragansett Bay. It is critical to understand these 
N sources in addressing nutrient pollution management and ecosystem impacts. The quantification of NHx depo-
sition and NH3(g) flux can vastly improve our understanding of nonpoint source nutrient loading to the coastal 
ecosystem, allowing for more accurate modeling of biogeochemical and ecological processes. The findings from 
this study can be used to conduct future dry deposition measurements in other urbanized estuaries.

This study was the first application for determining air-sea fluxes of NH3(g) over open water using the REA meth-
odology. Based on a recent separate wet deposition study, total N deposition has doubled in the region since 1990 
(Joyce et al., 2020). Including the dry deposition of NHx observed in this work to the other available AD obser-
vations (wet inorganic N + dry deposition of nitric acid and particulate NO3 −) and DON estimate, increases the 
amount of N entering the Bay from the atmosphere by 9.6%. Under this framework, dry N deposition as a whole 
makes up 24% of total N deposition for Narragansett Bay. We find that the dominant flux direction for NH3(g) is 
upward during the fall season, which has implications for urban air quality. We also estimate that NH3(g) emitted 
from the Bay to the atmosphere contributes up to 10% of the local NH3 emission budget. The outcomes of this 
research can facilitate more informed N pollution management in RI.

Data Availability Statement
All environmental, concentration, and flux data are available in the Supporting Information S1 and online at: 
https://doi.org/10.26300/j604-5d95.
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