
1. Introduction
Terrestrial-aquatic interfaces such as salt marshes, mangroves, and similar coastal wetlands occupy only a 
small fraction of the Earth's surface but account for at least 50% of the total carbon sequestration to ocean 
ecosystems (Duarte et al., 2005). Carbon sequestered and stored in coastal ecosystems and oceans is known 
as blue carbon (Mcleod et al., 2011) and there is a need to improve Earth system models across such coastal 
interfaces (Ward et al., 2020). These ecosystems are carbon-rich and play important roles in greenhouse gas 
biogeochemistry and the cycling of nutrients, including nitrogen (N) and phosphorus (Mcleod et al., 2011). 
The rapid loss (1%–3%/yr) of these coastal ecosystems, due to a variety of natural and anthropogenic distur-
bances, results in substantial impacts on carbon sequestration, carbon storage capacity, and nutrient cycling 

Abstract Measurements of atmospheric ammonia (NH3) concentrations and fluxes are limited in 
coastal regions in the eastern U.S. In this study, continuous and high temporal resolution measurements 
(5s) of atmospheric NH3 concentrations were recorded using a cavity ring-down spectrometer in a 
temperate tidal salt marsh at the St Jones Reserve (Dover, DE). Micrometeorological variables were 
measured using an eddy covariance system which is part of the AmeriFlux network (US-StJ). Soil, plant, 
and water chemistry were also analyzed to characterize the sources and sinks of atmospheric NH3. A new 
analytical methodology was used to estimate the average ecosystem-scale diurnal cycle of NH3 fluxes by 
replicating the characteristics of a chamber experiment. This virtual chamber approach estimates positive 
surface fluxes in continuing strongly stable conditions when mixing with the air above is minimal. Our 
findings show that tidal water level may have a significant impact on NH3 emissions from the marsh. 
The largest fluxes were observed at low tide when more soil was exposed. While it is expected that NH3 
fluxes will peak when the air temperature maximizes, high tide occurred concurrently with midday 
peaks in solar irradiance led to a decrease in NH3 fluxes. Furthermore, soil, plant, and water chemistry 
measurements underpinning the NH3 concentrations and fluxes lead us to conclude that this coastal 
wetland ecosystem can act as either a sink or a source of NH3. Such measurements provide novel data 
on which we can base reliable parameterizations to simulate NH3 emissions from coastal salt marsh 
ecosystems using surface-atmosphere transfer models.

Plain Language Summary Coastal wetlands such as salt marshes, mangroves, and 
seagrasses provide a natural environment for the sequestration and long-term storage of carbon dioxide 
(CO2) from the atmosphere. As a fertilizer, nitrogen (N) increases the vegetative growth and thus more 
CO2 may be fixed in plants as biomass representing the short-term storage pool of carbon, therefore 
reducing its atmospheric level. Salt marshes, in particular, have been identified as being highly effective 
at carbon sequestration as well as adsorbing and transforming N. However, there are limited atmospheric 
measurements of ammonia (NH3) concentrations and exchanges in coastal areas of the Eastern and 
Mid-Atlantic U.S. This pilot study represents one of the few atmospheric measurements of NH3 over 
temperate tidal salt marshes in the Mid-Atlantic U.S. The high temporal resolution measurements of NH3 
concentrations indicated that local sources, such as agriculture and industry, may have a considerable 
impact on the local atmospheric NH3 concentrations. The results also show that tidal water levels in salt 
marshes may have a significant effect on NH3 emissions.
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(Duarte et al., 2013). The loss rate of these critical ecosystems may accelerate in the future due to changing 
weather, climate, sea level rise, and land use, as well as high-impact events like hurricanes and wildfires 
(Kirwan & Megonigal, 2013).

Salt marshes, in particular, have been identified as being highly effective at carbon sequestration and ad-
sorbing and transforming N (Loomis & Craft, 2010; Mcleod et al., 2011; Ouyang & Lee, 2014); however, 
the loss of these important ecosystems has accelerated in recent decades. One reason for the declining 
extent of salt marshes worldwide may be related to the increased anthropogenic perturbation of the global 
biogeochemical cycles of N (Peñuelas et  al.,  2013). Previous studies have suggested that salt marsh eu-
trophication can have large negative impacts on the capacities of these ecosystems for climate mitigation 
(Chmura et al., 2016; Deegan et al., 2012). There are over 4 million acres of salt marsh in the US and over 
half of these are along the Atlantic coast of the US (Field et al., 1991). These areas experience large rates of 
N pollution mainly due to agricultural activities (e.g., emissions from livestock waste and fertilized crops) 
(Boyer et al., 2002).

Ammonia (NH3) is the most abundant alkaline gas in the atmosphere (Behera et al., 2013). In addition, 
NH3 is a major atmospheric acid-neutralizing compound that plays an important role in the formation 
of aerosols (Finlayson-Pitts & Pitts, 1999; Saylor et al., 2015) which adversely affect human health (Pope 
& Dockery, 2006), reduce visibility (Battye et al., 2016; Bray et al., 2017), alter Earth's radiative balance, 
and contribute to reactive nitrogen (Nr) global redistribution through the atmospheric deposition (Gal-
loway et al., 2013; Pinder et al., 2008). Agricultural intensification is the primary anthropogenic source 
of NH3 leading to a doubling of Nr entering the biosphere (Galloway et  al.,  2004). Other sources of 
NH3 include industrial processes, vehicular emissions and volatilization from soils and oceans (Behera 
et al., 2013). Agricultural and urban sources that emit NH3 directly or indirectly through atmospheric 
deposition processes (Howarth et al., 1996; Ryan & Boyer, 2012) are known to alter the structure and 
functions of salt marshes (Geoghegan et  al.,  2018). Furthermore, atmospheric deposition processes 
have been identified as the main route of entry for NH3 into coastal waters (Paerl & Fogel, 1994), and 
the deposition of NH3 to sensitive ecosystems (e.g., salt marshes) can lead to a series of negative ef-
fects such as soil acidification, eutrophication and loss of biodiversity (Catovsky et al., 2002; Wallace 
et al., 2014).

Despite this, there are limited atmospheric measurements of NH3 concentrations and fluxes in coastal ar-
eas of the Eastern and Mid-Atlantic U.S (Amos et al., 2018; Larsen et al., 2001; Poor et al., 2001; Siefert 
et al., 2002). The few experimental studies in the literature used a combination of conventional air sampling 
techniques such as annular denuders, filter packs, and passive filter badges to calculate the NH3 concentra-
tions. These techniques are relatively easy to deploy and inexpensive. However, they require long integration 
times (hours to days of sampling) and are often labor-intensive. Siefert et al. (2002) proposed a measure-
ment technique which provides a higher temporal resolution (10 min) in the measurement of atmospheric 
NH3 concentrations by coupling a mist chamber with a fluorometer instrument. This method improved the 
temporal resolution of NH3 measurements, but it can only continuously measure NH3 unattended for a pe-
riod of two days. In recent years, fast-response techniques, such as cavity ring-down spectroscopy (CRDS), 
have been successfully deployed to continuously measure atmospheric NH3 (Nelson et al., 2019; Shadman 
et al., 2016; von Bobrutzki et al., 2010) and emissions from soils (Petrakis et al., 2017) and tree stems (Barba 
et al., 2019). This new technology provides improved temporal resolution of NH3 measurements, which is 
necessary given the dynamic response of NH3 to changing environmental conditions (Kamp et al., 2019). 
Continuous and high temporal resolution measurements of atmospheric NH3 concentrations in salt marsh 
ecosystems along the east coast of the US are needed to provide details of the fluctuations of NH3 concen-
trations (Amos et al., 2018). Such detailed measurements will make it possible to accurately calculate the 
NH3 flux between the atmosphere and the surface in salt marshes.

Deep sediments in salt marshes create anaerobic environments where many of the plants, such as Spartina 
alterniflora, are adapted to the daily flooding, variations in salinity, and periodic low O2 in the root zone 
(Seyfferth et al., 2020). Under these anaerobic conditions the microbial community plays an important role 
in regulating production and emission of NH3 from wetlands (Inglett et al., 2005). The question of whether 
salt marshes act as sinks of atmospheric NH3 or as sources of it remains to be addressed, and to this end, 
measurements of the fluxes of NH3 are required.
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There are even fewer measurements of NH3 fluxes over the salt marsh ecosystem. In most contemporary 
studies of atmospheric fluxes, eddy covariance (EC) or gradient methods are preferred. The application 
of these methods involves complex instrumentation and requires site uniformity that is difficult to satisfy 
in coastal environments. In such circumstances, alternative methods are required to derive information 
regarding fluxes at the surface of the chemical species of interest, in this case NH3. The experimental study 
and analysis described here provides detailed information to enable the estimation of NH3 fluxes, using a 
statistical approach in which micrometeorological field data are used to replicate the likely characteristics 
of a chamber experiment. This new method yields estimates of the average diurnal cycle of NH3 fluxes over 
weekly (or longer) periods.

The purpose of this study was to advance our process-level understanding of NH3 air-surface exchange over 
a coastal salt marsh ecosystem along the Mid-Atlantic U.S. Here, we present continuous and high temporal 
resolution measurements of atmospheric NH3 concentrations in the St Jones Reserve, a component of the 
Delaware National Estuarine Research Reserve (DNERR). These high temporal resolution measurements 
allowed the estimation of the average diurnal cycle of NH3 fluxes using a new analytical methodology. 
The study site was selected because it has extensive micrometeorological instrumentation and information 
about trace gas dynamics as part of the US AmeriFlux network. Furthermore, soil, plant, and water chem-
istry were analyzed to characterize the sources and sinks of atmospheric NH3 in this ecosystem. A central 
goal was to identify and quantify the key parameters influencing NH3 emissions in wetlands, such as tidal 
water level.

2. Materials and Methods
2.1. Site Description and Meteorological Measurements

The field study took place at the St. Jones Reserve (39° 5'17.53"N 75°26'13.77"W, 6.7 m average elevation 
above sea level) from June 21 to July 20, 2018. It is situated along a mesohaline tidal tributary of the St. Jones 
River located ∼6 km upstream of Delaware Bay and at the lower end of the St. Jones River watershed. It 
is located in southeast Dover, Delaware, USA (Figure 1). The site is located in a tidal marsh influenced by 
surrounding agricultural fields along the watershed. Dover Air Force Base is nearby and has a considerable 
presence on the northwestern sides of the St. Jones Reserve. The climate is temperate, with a mean annual 
temperature of 13.3°C and mean annual precipitation of 1,119 mm. Vegetation at the site is dominated 
by the saltmarsh cordgrass Spartina alterniflora (90%) and is inundated twice a day due to the semi-diur-
nal tidal cycle. The average plant height of Spartina alterniflora recorded during the field experiment was 
65.5 ± 8.0 cm with a mean leaf area index of 2.65 ± 0.21. The tidal marsh platform at the St. Jones Reserve 
is regularly inundated by tidal waters, which range widely in salinity from 0.1 to 29.9 psu (mean 11.2 psu) 
depending on tidal cycle, season, and precipitation events. The marsh soils are classified as a silty clay loam 
containing 10% sand, 61% silt, and 29% clay (Capooci et al., 2019).

Instruments were deployed over the marsh from the edge of a small wooden boardwalk (1.7 m width) ad-
jacent to an existing AmeriFlux site (US-StJ) hosted by the University of Delaware (Trifunovic et al., 2020). 
AmeriFlux is a network of sites that measure carbon dioxide (CO2), water, and energy fluxes in different 
ecosystems across the USA and include sites across the Americas (Hargrove et  al.,  2003). The St. Jones 
AmeriFlux site provides measurements of CO2, methane (CH4), water vapor, and energy fluxes from an EC 
tower. Instrumentation was deployed at 3.5 m above the surface (∼2.5 m above the vegetative canopy) (Fig-
ure 2). The EC tower was equipped with a WindMaster Pro anemometer (Model 160724, Gill Instruments, 
Lymington, Hamisphere, UK), a closed path CO2/H2O Analyzer (Model LI-7200RS, LI-COR Environmen-
tal, Lincoln, NE, USA) and an open path CH4 analyzer (Model LI-7700, LI-COR Environmental, Lincoln, 
NE, USA).

The EC tower also carried instruments to measure air temperature and relative humidity (Probe HMP155, 
Vaisala, Helsinki, Finland), net radiation (CNR4 Net Radiometer, Kipp & Zonen B.V., Delft, The Nether-
lands). Soil temperature and soil moisture were also measured (ML2x Theta Soil Moisture Probe, Delta-T 
Devices, Cambridge, UK). All of these variables were measured at high temporal frequency (10 Hz). The 
data collected by this tower system are publicly available from the AmeriFlux Network at http://ameriflux.
lbl.gov/sites/siteinfo/US-StJ. In addition, DNERR collects 15 min meteorological data (e.g., precipitation, 
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air temperature, wind speed and direction, relative humidity) as part of the System-Wide Monitoring Pro-
gram, using a Campbell Scientific weather station. DNERR meteorological data are available at https://
cdmo.baruch.sc.edu/dges/. For this study, DNERR's total precipitation measured with a tipping bucket rain 
gauge (Model TE 525, Texas Electronics, TX, USA) was used in the analysis.

2.2. Soil, Plant and Water Sampling and Analysis

Plant and soil samples were collected within a 200 m radius from the EC tower (Figure 1). Sample locations 
were selected using the Random Points tool in ArcGIS (desktop version 10.6). Spartina alterniflora was col-
lected on DOY (Day of Year) 180 and 200 by collecting 15 replicates during each sampling with at least 30 g 
of plant material per sample using a 10 × 10 cm quadrat. Soil was sampled only on DOY 200 by collecting 
15 replicates at 0–5 cm of depth with at least 20 g of soil material per sample. Soil and plant samples were 
analyzed at the Department of Crop and Soil Science of the North Carolina State University.

The National Estuarine Research Reserve System (NERRS), established by partnerships between the Na-
tional Oceanic and Atmospheric Administration (NOAA) and coastal states in the US, conducts large-scale 
water quality monitoring for the purposes of increasing understanding of the nation's estuarine waters and 
contributing to effective coastal zone management. The NERRS System-Wide Monitoring Program tracks 
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Figure 1. Study site location: (a) geographical context, (b) nutrient data site (Scotton Landing), and (c) sampling zone of plants and sediment within the 200 m 
radius from the eddy covariance (EC) tower.
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short-term variability and long-term changes in coastal ecosystems represented by the 29 Reserves within 
the NERRS. This program has focused primarily on monitoring a suite of physical water quality and at-
mospheric information since 1996. Water quality measurements using a YSI sonde (current model EXO2 
multiparameter sonde) are made every 15 min of water temperature, pH, water level (relative to NAVD88), 
specific conductivity, salinity, and dissolved oxygen. As part of a recent enhancement to water quality mon-
itoring, the reserve system began monitoring nutrient levels in 2002. The current nutrient monitoring pro-
gram includes the collection of monthly diel water samples using an Isco 6,700 automatic sampler at one 
representative station. A total of 11 water samples are collected at 2.5 h intervals over a 25 h period during 
each sampling event. Water samples are then analyzed for dissolved inorganic N, such as NH4

+ and NO3
−. 

In the present study, we collected water quality and nutrient data from the St. Jones Reserve tidal creek at 
the Scotton Landing station (39.08498, 75.46058) which is the nearest station from our study site (about 
3 km from the EC tower). At this station, water samples were collected on DOY 197. Water temperature, pH 
and water level data were also collected every 15 min over the study period at the Scotton Landing station.

2.3. NH3 Concentration Measurements

The concentration of NH3 was continuously measured using a CRDS instrument (model G2103; Picarro 
Inc., Santa Clara, CA) every 5s. An enclosure was installed on the outside rim of the boardwalk to install 
the CRDS. The inlet line of the CRDS was mounted at 3.5 m above the ground (around 2.5 m above the 
canopy), which was the same measurement height as the EC system (Figure  2). The response time for 
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Figure 2. Schematic of the eddy covariance (EC) tower, the passive sampler (Radiello) and the Cavity Ring Down Spectrometer (CRDS).
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the whole system was <3 min for a 63% change before and after deployment. The lower detection limit of 
this instrument for NH3 is <0.06 μg m−3 with an accuracy of (±5% of reading + 0.35 μg m−3) for a 300 s 
averaging time. CRDS is a laser absorption technique, which measures the lifetime of photons reflected 
between two mirrors in an optical cavity and determines the sum of sample extinction between the cavity 
mirrors, enabling quantification of NH3 concentration by the strength of near-infrared absorption (Scherer 
et al., 1997). The advantage of this method is that it allows absorption measurements using very long opti-
cal path lengths (effective path length up to 20 km) while maintaining a closed optical cell to enable single 
point measurements (Moosmüller et al., 2005).

The CRDS system was connected to the Picarro system pump sampling at 1 L min−1. The CRDS and pump 
were housed in an air-conditioned enclosure unit in which the temperature was adjusted to 10°C below am-
bient to prevent overheating. The CRDS was initially calibrated by the manufacturer. Additionally, the cali-
bration was verified using a short polyvinylidene fluoride vented inlet tube, and zero and span compressed 
gas cylinders according to manufacturer directions. The zero check was performed with ultrahigh purity N2 
(99.999%) and the span adjustment was performed using 715.8 μgm−3 (1,030 ppb ± 5%) NH3 (NIST-traceable 
reference gas; Air Liquide: Plumsteadville, PA). The zero and span checks were within the tolerance of the 
manufacturer's calibration with offset of ∼0.8 ppb and span of ∼1,135 ppb.

Ambient NH3 concentration data were also collected using passive samplers (model Radiello®123-7, Supel-
co: Bellefonte,PA) at the study site. The passive sampler was set up on the EC tower at the same measure-
ment height (2.5 m above the canopy) (Figure 2). Passive samplers were used in accordance with NADP 
SOP SS-4070 for monitoring ambient NH3 on a weekly time interval (NADP, 2013).

2.4. Estimation of the Average Diurnal Cycle of NH3 Fluxes

The analytical method presented by Hicks et al. (2021) and as briefly described below (and appended) has 
been adapted to derive the average diurnal cycle of NH3 fluxes by considering the study site as a virtual 
chamber. Assuming a solid lid across the top of the tidal marsh, extending from edge to edge at height h, and 
if the flux from the surface of NH3 ( 3NHF ) was constant, then the concentrations of NH3 within the confined 
layer would increase as determined by the wind speed (u) and the fetch (xf). Then the concentration in the 
air ( 3NHC ) at any distance xf downwind of the edge will equilibrate as:

   3 3 /NH NH fC F x h u (1)

This box model approximates the methodology used in chamber studies. In our study, we consider the ob-
vious fact that 3NHF  can be derived as:

   3 3 /NH NH fF C h u x (2)

The measurements made in this study are used to enable a statistical examination of the marsh and its NH3 
emissions. For any particular measurement, we know the fetch (xf) and the wind speed (u). In addition, to 
put a lid on the conceptual box, we need to consider the case in which there is no turbulent exchange with 
the air above. In practice, the indicator of transfer through the top of this conceptual chamber is presently 
taken to be measurement by sonic anemometer of the standard deviation of the vertical wind component 
(σw). The top of the virtual chamber is then defined, as the level of the sonic anemometer.

The following variables can be defined from the available data:

1 3 /NHX d C dt (3)

2 / fX u x (4)

3 wX (5)

A multiple regression of X1 on X2 and X3 will yield a relationship of the form:
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    1 12 2 13 3.X a b X b X (6)

which is equivalent to:

    12 133 / /NH f wdC dt a b u x b (7)

where b12 is the slope between variable 1 and variable 2 and b13 is the slope between variable 1 and variable 
3. The quantity a represents the rate of change of [NH3] with time when the defining characteristics of 
a classical chamber experiment are approached, which are: (i) turbulent diffusion across some specified 
height can be extrapolated to zero, (ii) wind speed can likewise be extrapolated to zero and (iii) the fetch can 
be extrapolated to infinity. For our conceptual case, the “box” is lidded by σw = 0.

The quantity a is derived from the analysis requirement that the plane defined by the results must pass 
through the average of X1, X2 and X3.

Hence

  1 12 2 13 3– –a X b X b X (8)

The intercept a is then the statistical quantification of the rate of change in concentration that would have 
been found if a physical chamber were actually present, of height 3.5 m (the height of the EC tower in this 
case). Then NH3F  (i.e., flux of NH3) from the surface is then:

 3 3.5NHF a (9)

The underlying concept is that when NH3 is emitted from the surface, and if its transfer with the air above 
is constrained, then the concentrations in the layer in contact with the surface must increase. This requires 
that there be minimal mixing with air above, and hence the requirement that vertical mixing is minimal is 
introduced here through the use of σw as a key factor. Reliance on u/fetch as a second requirement is so that 
the situation being addressed through the use of the statistics can lead to a measure of the limit as the wind 
speed drops to zero (i.e., as advection is eliminated) and as the fetch trends to infinity. This heuristic view 
of the experimental circumstance is only partially satisfying, because a limitation is introduced through 
the assumption that dC/dt measured at some specific height relates proportionally to the surface flux once 
the depth of the affected layer of air is specified. In simple terms, the present approach assumes that gas 
concentrations are constant with height within the affected layer.

3. Results and Discussion
3.1. N in Soil, Plant and Water

In general, tidal marsh vegetation begins to grow in the spring, reaches peak biomass in the summer, and 
enters senescence in the fall (Cahoon et al., 2006) depending on factors such as temperature and precipi-
tation. Based operationally on past vegetation surveys conducted at the DNERR, peak biomass occurs be-
tween Mid-July through Mid-August. A PhenoCam affixed to the EC tower shows that tidal marsh vegeta-
tion in 2018 began to grow at the end of April and reached a peak around Mid-July (Trifunovic et al., 2020).

During this observation period, fresh plant tissue was analyzed at the beginning (DOY 180) and at the end 
(DOY 200) of the experiment (Table 1). The total N and the fresh plant tissue NH4

+ concentration decreased 
over time for Spartina alterniflora, while the pH remained almost constant with an average of 6.04 ± 0.14. 
The decrease in total N and fresh plant tissue NH4

+ concentrations is related to the growth stages of the 
plant. In fact, vegetation nutrient concentrations for wetland plants tend to be highest early in the growing 
season, decreasing as the plant matures and senesces (Bernard & Hankinson, 1979). The range of measured 
fresh plant tissue NH4

+ concentration from this study (416.53–763.47 mg kg−1) is much higher than the 
fresh plant tissue NH4

+ concentration (31 ± 16 mg kg−1) measured from sunlit vegetation (mix of wax myr-
tle, leatherwood and inkberry) at the Pocosin Lakes National Wildlife Refuge on the coastal plain of North 
Carolina (Walker et al., 2014). Differences between our results and those of Walker et al.  (2014) may be 
related to various factors, such as plant species and extraction techniques. Mean NH4

+ concentration from 
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dry soil at 5 cm depth was 41.73 ± 18.87 mg kg−1. NH4
+ concentration from dry soil sampled in our study is 

also higher than the NH4
+ concentration from dry soil measured at 10 cm depth at the Pocosin ecosystem 

(10.5 mg kg−1). The NH4
+ and NO3

−concentrations in the water were 0.07 ± 0.02 mg L−1 and 0.08 ± 0.02 mg 
L−1, respectively. The sum of NH4

+ and NO3
−concentrations (0.12 ± 0.04 mg L−1) from water was close to 

the mean annual total N concentrations measured in Tampa Bay for the 1980–2013 period (0.2–1.2  mg 
L−1) (Greening et al., 2014). The soil is slightly acidic with a mean pH of 6.67 ± 0.32 (Table 1), and water 
pH is slightly alkaline (pH = 7.40 ± 0.32). This result is within the range of measured pH in Delaware 
estuarine waters for the 2002–2016 period from the Scotton Landing SWMP station (6.8–7.9) (Baumann & 
Smith, 2018).

3.2. Meteorological Conditions

During the field study the air temperature varied from 13.6°C to 34.0°C with an average of 25.0°C. The 
wind speed averaged 2.0 m s−1 and varied from 0 to 5.7 m s−1. Mean water level was 0.29 m and varied from 
−0.46 and 1.01 m. The water temperature measured from the St. Jones Reserve tidal creek at the Scotton 
Landing station varied from 20.3°C to 33.8°C with an average of 26.2°C. The water vapor partial pressure 
varied from 1.1  to 3.5 kPa with an average of 2.3 kPa (Figure 3). The experimental period was quite dry, 
with sporadic rain events on June 24 (DOY 175), July 17 (DOY 198) and July 18 (DOY 199) with a maximum 
of 6.75 mm daily precipitation on July 18 (DOY 199). The accumulated precipitation over the experimental 
period was 7.05 mm.

3.3. NH3 Concentrations

Figure 4 shows the atmospheric NH3 concentrations measured using the CRDS instrument and the Radiello 
passive sampler at the study site. The concentration of NH3 was continuously measured using the CRDS 
instrument during the entire study period. In order to collect more atmospheric measurements of NH3 
the passive sampler was left on site for an additional week because it was set up on the existing EC tower. 
Therefore, four Radiello passive samplers were deployed, corresponding to four sampling periods: DOY175 
to 184, DOY 184 to 192, DOY 192 to 199 and DOY 199 to 207. The continuous NH3 concentrations from the 
CRDS are reported as 30 min averages and the passive sampling occurred over a week-long sampling pe-
riod. The comparison of the mean values of NH3 concentrations from the CRDS and the Radiello for each 
of the passive sampling periods indicated that both methods are in good agreement. In fact, NH3 concen-
trations measured using the passive sampler over the first, second and third sampling periods were 3.37, 
2.68 and 2.81 µg m−3, respectively. In comparison, mean NH3 concentrations from the CRDS over the first, 
second and third sampling periods were 3.13 ± 1.66, 1.74 ± 1.17, 2.01 ± 1.29 µg m−3, respectively. Mean 
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Sampling day Plant Soil Water

DOY 180 Total N (mg kg−1) 9,833.33 ± 1,237.89 - -

NH4
+ (mg kg−1) 763.47 ± 351.59 - -

pH 6.09 ± 0.15 - -

DOY 197 NH4
+ (mg L−1) - - 0.07 ± 0.02

NO3
− (mg L−1) - - 0.08 ± 0.02

pH - - 7.40 ± 0.32

DOY 200 Total N (mg kg−1) 7,066.67 ± 1,272.04 6,425.0 ± 2,194.39 -

NH4
+ (mg kg−1) 416.53 ± 104.36 41.73 ± 18.87 -

NO3
− (mg kg−1) - 0.24 ± 0.15 -

pH 5.99 ± 0.10 6.67 ± 0.32 -

Abbreviations: N, nitrogen; NH4
+, ammonia; NO3

−, nitrate.

Table 1 
Mean and Standard Deviation (±) of Total N, NH4

+ and (NO3
−) Concentrations, Along With pH From Plant, Soil and 

Water Sampled During the Experimental Study
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and standard deviation values of NH3 concentration from the CRDS and the passive Radiello samplers over 
the entire experimental study were 2.33 ± 1.53 and 2.95 ± 0.37 µg m−3, respectively. Both methods gave 
the same range of measured NH3 concentrations. However, measured NH3 concentration using the CRDS 
showed a diurnal pattern with two prominent concentration peaks of 13.25 and 8.82 µg m−3 on DOY 175 
and 180, respectively. This result illustrates the ability of the CRDS instrument to provide high resolution 
measurements of atmospheric NH3 concentrations. This instrument presents a valuable way of improving 
our process-level understanding of NH3 emissions in salt marsh ecosystem by providing greater details into 
the fluctuations of NH3 concentrations. It should also be noted that the high-resolution measurements 
provided by the CRDS instrument are particularly challenging in a coastal wetland due to the demand-
ing characteristics of the ecosystem (e.g., high air humidity, salt deposit from the air…). To our knowledge 
measurements of this kind have not been accomplished previously. The few experimental studies in the lit-
erature which measured atmospheric NH3 in coastal areas generally use a combination of conventional air 
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Figure 3. Micrometeorological conditions measured at the site. From top to bottom: water level (NAVD88), vapor 
pressure (ea), wind speed (u), water temperature (Tw), and air temperature (Ta).



Journal of Geophysical Research: Biogeosciences

sampling techniques such as, annual denuders and filter packs. Those techniques require long integration 
times and cannot provide the continuous record of short-term measurements on which the present analysis 
relies.

The average NH3 concentration measured with both methods in this study is in agreement with the total 
ammonia (NH3 and aerosol ammonium (NH4

+)) concentration measured by Siefert et al. (2002) by coupling 
a mist chamber to a fluorometer instrument in the Chesapeake Bay during the summer (total NH3 ranged 
from 0.5 to 7 µg m−3). Larsen et al. (2001) have also measured total NH3 concentrations in the Chesapeake 
Bay during the summer months using filter packs and denuder systems. The experimental site was located 
in rural Solomons, close to the Chesapeake Biological Laboratory research pier. The authors reported mean 
atmospheric concentrations of total NH3 of 1.0 ± 0.8 µg m−3. The NH3 concentration values now reported 
exceed those found in the Solomons study. Other than differences in biological species, exposed surface area 
and tidal influences, the difference in measured average NH3 concentrations could result from differences 
in sampling procedures.

To further investigate the continuous measurements of NH3 concentrations using the CRDS, visual in-
spection of a wind rose plot was used to study the impact of the surrounding NH3 sources on the local 
atmospheric NH3 concentration in this natural ecosystem. Figure 5 presents NH3 concentration measured 
during the entire study period as a function of average wind direction (θ) and mean wind speed (u) report-
ed as 30 min averages. The wind rose shows high NH3 concentrations in most directions, mainly due to 
the fact that the St. Jones river watershed is dominated by agriculture (38% of the land cover) (Rogerson 
et al., 2010). The closest farming lands to the present study site are located on the north, northeast and east 
directions (Rogerson et al., 2010), which explains the high NH3 concentrations (up to 8.82 µg m−3) when 
winds were blowing from agricultural fields (5° < θ < 121°). This result is in agreement with the experi-
mental studies of Siefert et al. (2002) and Larsen et al. (2001), indicating that high NH3 concentrations in 
the coastal atmosphere may occur when winds were from agricultural sources due to increased fertilizer 
usage during the spring and summer and/or due to livestock production. Figure 5 also shows high NH3 
concentrations (up to 13.25 µg m−3) when winds were from the wetlands (152° < θ < 275°) located on the 
west and south directions. This may be related to the microbial activity in anaerobic soils in wetlands which 
generate NH3 by nitrate reduction pathways (Inglett et al., 2005). The denitrification is the process whereby 
nitrate is reduced by facultative anaerobic bacteria to nitrous oxides or dinitrogen gas (Johnston, 1991). 
Poach et al. (2004) demonstrated that NH3 volatilization may be a dominant N removal mechanism by wet-
lands with 54%–79% of the total N removed. Dover Air Force Base and associated air traffic, which is located 
within 3 km to the northwestern sides of the St. Jones Reserve, may also have a significant effect on the NH3 
concentration when winds were blowing from that direction and even with a wind speed lower than 2 m s−1.
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Figure 4. NH3 concentrations as measured using the cavity ring-down spectroscopy (CRDS) and the passive Radiello 
samplers at the St Jones reserve site. Passive sampling occurred over a one-week sampling period.
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Figure 6 shows the average diurnal cycle of NH3 concentrations, Δe, water level and ΔT during our experi-
ment. As expected, NH3 concentration (Figure 6a) increases after sunrise, peaks when the air temperature 
maximizes (between noon and 3 p.m.), and decreases through the following period until the next sunrise. 
It should also be noted that the water vapor in the air follows the same trend as NH3 concentration (Fig-
ure 6b). This result is considered to indicate that the source area of the NH3 measured was similar to that of 
the water vapor, since the water content of the air increased as air moved across the surface, confirming that 
the NH3 concentration measurements came from the marsh surface of our study site. The average diurnal 
cycle of water level (Figure 6c) shows two high tides, a high tide recorded in day time between 8 a.m. and 
1 p.m. and the second high tide occurred at night between 8 p.m. and 1 a.m. It can be observed that NH3 
concentration peaks coincide with the midday low tide event occurring between 1:30 and 5:30 p.m. The 
difference in temperature (ΔT) between the surface temperature, which is the water temperature measured 
from the St. Jones Reserve Scotton Landing water quality station (about 3 km from the EC tower), and the 
air temperature was negative in daytime and positive at night (Figure 6d). This result indicates that the sit-
uation for the St. Jones Reserve is reversed from what is expected from a land surface, because if the surface 
were extensive solid land, ΔT would be strongly positive in daytime and negative at night (Oke, 1987). The 
reverse situation observed at the St. Jones Reserve could be explained by the fact that surface temperatures 
over water are less extreme than surface temperature over land, because water heats and cools more slowly 
than land due to the high heat capacity of water. This phenomenon was demonstrated in lake ecosystems by 
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Figure 5. Wind rose derived from the data collected during the entire study period. Red wedges correspond to mean 
ammonia (NH3) concentration (µg m−3) as a function of wind direction, and blue wedges correspond to mean wind 
speed (m s−1) as a function of wind direction. The background image is a satellite view of the study site location and 
neighboring areas derived from Google Maps.
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Woolway et al. (2017), who showed evidence of the variations in the stability of the atmospheric boundary 
layer over lakes and their influence on water and energy exchanges at the air-surface interface. For the pres-
ent study site, it is clear that the stability regime is reversed from land-based expectations: the surface air 
is stratified in daytime and unstable at night. As previously explained, the virtual chamber method works 
best in stable conditions.

3.4. Average Diurnal Cycle of NH3 Flux Estimation

The concept forming the basis for the calculations made here is based on three key assumptions: (i) NH3 
concentrations are constant with height within the affected layer, (ii) wind speed can be extrapolated to zero 
and (iii) the fetch can be extrapolated to infinity. Moreover, the virtual chamber methodology necessarily 
addresses the case of positive surface fluxes in continuing strongly stable conditions. The time sequence of 
observations shows that the stability is strongest during the daytime, in complete contrast to the situation 
over land without the presence of the marsh's water and its thermal inertia. Results from the temperature 
difference between the surface and the air Tw−Ta (Figure 6d) shows that the air in contact with the marsh 
surface is sometimes stratified at night and frequently stratified in daytime. The central need is to derive an 
estimate of the surface flux when the air is constrained so that emissions accumulate.

We are interested only in those data for which there is a measured increase in concentrations with time. 
The data set used in the following has been extracted accordingly, which represent 42.8% of the overall data. 
In addition, incomplete data sets have been excluded. The remaining data were then ordered according to 
time of day, and sequential ensembles containing 25 sets of measurements were constructed. Within each 
ensemble, calculations were made of the averages of each of the key variables, X1, X2 and X3, as above, and 
also of the products X1∙X2, X2∙X3 and X3∙X1. Standard deviations were also computed: σ(X1), σ(X2) and σ(X3). 
Following convention, correlation coefficients were computed as follows:

        12 1 2 1 2 1 2. . / ,R X X X X X X (10)

where R12 is the correlation coefficient between variable 1 and variable 2.

The slopes b12 and b13 of a planar best fit were then computed as follows:

            ^2
12 1 2 12 23 13 23( / . / 1b X X R R R R (11)
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Figure 6. Average hourly diurnal cycle of NH3 concentrations (a), Δe (Δe = es–ea) (b), water level (c) and ΔT (ΔT = Tw–Ta) (d). es, ea, Tw and Ta refer to 
saturated vapor pressure, vapor pressure, water temperature and air temperature respectively. Error bars represent ±1 standard deviation of the mean.
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            ^2
13 1 3 13 12 23 23( / . / 1b X X R R R R (12)

where R13 is the correlation coefficient between variable 1 and variable 3 and R23 is the correlation coeffi-
cient between variable 2 and variable 3.

Accordingly, the observations yield a best intercept corresponding to X2 = 0 and X3 = 0 as in Equation 8.

The average diurnal cycle of NH3 fluxes estimated by the virtual chamber method is presented in Figure 7. 
The diurnal cycle shows NH3 emissions gradually increasing from midnight and peaking between 8 and 
9 a.m. This peak is followed by a decrease in NH3 fluxes over time. This early decline in NH3 fluxes may 
be attributed to the tidal influences on NH3 emission in the marsh. Figure 6c shows that during daytime 
in the study period, the average high tide occurred between 8 a.m. and 1 p.m. Knowing that NH3 emis-
sions increase exponentially with temperature due to thermodynamic equilibria (Schjoerring, 1997), this 
high-water level is hypothesized to have led to an abrupt decrease in NH3 fluxes. To further investigate the 
role of surface inundation, the NH3 fluxes were derived as a function of tidal depth. To this end, the data set 
was ordered according to tidal depth, sequential ensembles of 25 data points were then constructed, and the 
statistical process outlined above was repeated. The result parallels the diurnal cycle conclusion illustrated 
in Figure 7, but now indicates the variation according to tidal depth.

Figure 8 shows the average diurnal cycle of NH3 fluxes as a function of water level. Lower water levels are 
seen to be associated with high NH3 fluxes, confirming the plausibility of the suggested mechanism of tidal 
influences on NH3 fluxes in this coastal ecosystem. As explained by Vlek and Stumpe (1978), NH3 volatiliza-
tion from aqueous systems is directly related to the concentration of ammoniacal N originating principally 
from the soil. At high tide, only a fraction of the ammoniacal N is retained by the soil and a large fraction 
is generally found as NH4

+ in the floodwater. When the water is alkaline (pH above 7.2), ionized NH4
+ con-

verts to nonionized NH3 which may escape from the water as a gas. In this context, Vlek and Craswell (1981) 
reviewed the processes of NH3 volatilization from flooded soils and concluded that, from a chemical stand-
point, NH3 volatilization is largely determined by the floodwater dynamics, especially NH4

+ concentration 
and water pH. In fact, NH3 volatilization increases with increasing NH4

+ concentration and water pH. The 
water analysis results (Table 1) show a water pH of 7.4 and a high NH4

+ concentration, contributing to 
nonnegligible NH3 losses from this natural aquatic ecosystem. Our results are in agreement with several 
studies carried out to understand the NH3 volatilization process from rice paddies in order to reduce such 
losses. Vlek and Craswell (1979) confirmed that NH4

+ concentration in the rice-paddy floodwater, which 
is primarily affected by fertilizer application, governs the rate of NH3 loss from the rice-soil system. In 
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Figure 7. Average diurnal cycle of estimated ammonia (NH3) fluxes as a function of time. Error bars represent ±1 
standard deviation of the mean.
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fact, NH3 volatilization increases with increasing the amount of N fertilizer in flooded rice soil. Mikkelsen 
et al. (1978) found that the largest NH3 volatilization rates were registered for a water pH between 7.2 and 
10. However, NH3 losses were negligible from acidic solution (water pH ≤ 6.8). In the present study, the 
atmospheric NH3 is directly related to the NH4

+ concentration in the islands. The primary origin of NH4
+ 

is linked to the biological activity in the sediments in anaerobic conditions (denitrification process) (McCa-
rthy et al., 1977). In fact, NH3 fluxes are highest when more soil is exposed as the tidal waters recede (i.e., 
when the water level is lowest). Furthermore, NH3 volatilization in aerobic conditions is not considered 
to be an important mechanism of N loss from flooded soils except where high ammonium concentrations 
exist in conjunction with high pH of the water (Johnston, 1991). Apart from the chemical factors, NH3 
volatilization in wetlands may be affected by environmental factors, such as temperature and wind speed 
(Bouwmeester & Vlek, 1981).

4. Conclusions
This research represents the first reported continuous measurements of NH3 concentrations over a coastal 
ecosystem using the CRDS technique. Furthermore, it is one of the few atmospheric measurements of NH3 
over a tidal salt marsh in the Mid-Atlantic U.S. The use of the CRDS instrument enabled continuous and 
high temporal resolution of NH3 concentrations. This instrument provides greater details of the fluctuation 
of NH3 concentrations than standard alternative measurement methods. These high temporal resolution 
measurements of NH3 concentrations indicate that local sources, primarily fluxes from the land surface 
exposed as the tide recedes, have a major influence on NH3 concentrations measured above the marsh. 
Distant sources such as agriculture and industry, may also have an impact on the local atmospheric NH3 
concentrations.

Due to site uniformity requirements that are difficult to satisfy in coastal environments, standard EC tech-
niques could not be used to measure NH3 fluxes at the present location. The matter is explored in more 
detail in the Appendix, where information from many of the available chemical and meteorological meas-
urement systems is integrated to demonstrate the inapplicability of conventional micrometeorology as a 
method of relevance here. In the lack of a suitable methodological alternative, a new analytical methodol-
ogy was used to estimate the average diurnal cycle of NH3 fluxes. As discussed by Hicks et al. (2021), this 
method gives an estimate of surface fluxes by replicating the characteristics of a chamber experiment. This 
virtual chamber methodology is a statistical approach which estimates positive surface fluxes in continuing 
strongly stable conditions when mixing with the air above is minimal. The average diurnal cycle of NH3 
fluxes estimated by this approach enabled the investigation of the processes influencing NH3 emissions in 
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Figure 8. Average NH3 fluxes as a function of tidal depth. Error bars represent ±1 standard deviation of the mean.
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wetlands. Our findings show that tidal depth may have a significant effect on NH3 emissions. In fact, the 
highest NH3 fluxes were observed at low tide when more soil/island was exposed. While it is expected that 
NH3 fluxes will peak when the air temperature maximizes, high tide occurred concurrently with midday 
peaks in solar irradiance led to a decrease in NH3 fluxes.

Soil, plant and water chemistry measurements underpinning the NH3 concentrations and fluxes provide 
insights that this salt marsh ecosystem could be either a sink or a source of NH3. Salt marshes could be a 
sink of NH3 via the atmospheric deposition process or a source of NH3 in anaerobic and aerobic conditions. 
In anaerobic conditions in deep sediments, the denitrification process is the major pathway of N removal 
from wetlands. In aerobic conditions, NH3 volatilization is not considered as an important mechanism of 
N losses from wetlands except where high NH4

+ concentrations of the water exist in conjunction with high 
water pH.

Further measurements of NH3 concentrations using the CRDS instrument are needed, for longer durations 
and during different seasons. Moreover, further applications of the new analytical method are also needed 
because these measurements and estimations may provide data on which we can base reliable parameter-
izations to simulate NH3 emissions from coastal salt marsh ecosystems using Surface-Atmosphere transfer 
models.

Appendix 
The St. Jones salt marsh study presents a formidable challenge to experimenters. It is obvious that the water 
surface imposes a considerable inhomogeneity on the surrounding landscape, and hence determinations 
of fluxes that can be identified with it impose the need to consider fetch in a more substantial way than is 
common in conventional micrometeorological studies. In the present case, understanding of the circum-
stance and their influence on measurements made above the surface is facilitated by the availability of two 
independent micrometeorological datasets (both based on sonic anemometry) and air concentration data 
of three trace gases of particular relevance–CO2, CH4, and NH3. The present focus is on NH3; however, 
measurements of CO2 and CH4, provided for the St. Jones AmeriFlux site (US-StJ) through the AmeriFlux 
Network at https://ameriflux.lbl.gov/sites/siteinfo/US-StJ#doi, help resolve among the complexities con-
fronting observers.

Figure A1 presents a selection of diagrams to illustrate the difficulties that arise. Plotted in Figure A1 (a) are 
the average diurnal cycles of the three trace gases of relevance. In each case, concentration measurements C 
have been normalized to provide comparable indices, C = (C–C)/σ(C), where C is the overall average value 
and σ(C) is the corresponding standard deviation. The diurnal cycles of CO2 and NH3 are clearly reversed, 
with minimum CO2 concentrations at midday and maximum NH3. The behavior for CH4 lies in between. 
Examination of the stability regimes reveals the reason. Figure A1 (b) shows two measures of atmospheric 
stability, first the familiar property ζ = z/L. the favored index of micrometeorology derived from eddy flux 
measurements made well above the surface (q.v. Figure 1). The second stability index is ξ = (g/θ) (Tw-Ta)/
u2, where Tw is water temperature and Ta is air temperature; other notation is conventional. This is an 
index of stability as it influences the surface itself, whereas ζ represents that stability influencing the air 
flowing across the surface. The two are not likely to be similar but they display a consistent diurnal cycle, 
although out of phase. It follows immediately that while measurements of eddy fluxes made above the 
surface at conventional heights may well be representative of areal averages, the specific role of the water 
surface now considered is little more than as a small component of the overall areal average that eddy fluxes 
represent. Relating observed eddy covariances to a specific surface, especially that beneath the location of 
measurements, is an issue confronting any micrometeorological experiment, leading to considerations of 
fetch homogeneity, fetch to height ratios, and flux footprints (see Leclerc & Foken, 2014). These familiar 
deliberations are challenging in the present circumstance, because the turbulence regime below the height 
of any in-air measurement is not necessarily a sound basis for extending any conventional micrometeoro-
logical relationship to the surface itself.
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The air in contact with the water surface was more often stratified than unstable, as becomes evident when 
Figure A1 (a) is expanded to show deviations of stability more clearly. In the strong stability regime in the 
near-surface layer, emissions of a trace gas emitted from the surface will build up as air passes over the 
surface. In the case of NH3, such a buildup of concentrations is found to occur most often in the period fol-
lowing dawn, in contrast to convention which decrees that stability regimes are then most quickly becoming 
unstable. Evidence for this is presented in Figure A1 (c), where the rate of change of NH3 concentrations in 
surface air clearly maximizes in the mid-morning, whereas the corresponding CO2 data indicate that any 
buildup of CO2 concentrations during the preceding night is most rapidly depleted in the immediate post-
dawn period. Of course, such CO2 buildup must originate from soil efflux upwind. It cannot be associated 
with the water surface now considered.

Other considerations arise, regarding the comparative role of NH3 deposition to the water surface. The 
exchange of NH3 between a natural surface and the air is acknowledged to be bidirectional, with the sign 
of the diffusive exchange being determined by such matters as the pH of the soil and/or water beneath the 
air layer of interest. In the present case, it is suspected that NH3 accumulating in the stable surface layer 
originates from biological activity in the islands that are increasingly exposed as the tidal waters recede. The 
waters of the salt marsh are intimately exposed to these same sources of NH3, and it is difficult to imagine a 
situation in which the fluxes between the water and the air are sufficient to influence the air concentrations 
as they increase due to the exposed island emissions. Figure A1 (d) substantiates this conclusion. When 
plotted as a function of water depth, it is seen that average NH3 concentrations are highest when more soil 
is exposed (i.e., when the water level is lowest). The evidence is strongest that as solid soil islands first start 
to be exposed, NH3 concentrations in air near the surface increase rapidly. At such times, CO2 (and CH4) 
concentrations decrease. But it is not clear that a commonality of cause should be assumed; the situation 
is complicated by the likely association with CO2 net ecosystem exchange (and associated CH4 fluxes) far 
upwind, beyond the extent of the St. Jones salt marsh. An additional complexity arises from the buoyancy 
of NH3. It is lighter than air and hence the analysis considerer here is only relevant to situations in which 
NH3 concentrations remain small.
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Figure A1. Four examples of indicative characteristics of the association of air above the St. Jones salt marsh with the 
aquatic surface of the salt marsh. (a) Average normalized concentrations in air (see text) as a function of time of day. (b) 
The average diurnal cycle of stability, relating to the surface itself and its contact with the air immediately above it (the 
bulk stability; ξ, in red) and the stability regime of air passing over the surface layer (ζ = z/L, in green). (c) The average 
diurnal cycles of the rates of change of concentrations of NH3 (magenta) and CO2 (in blue). (d) Paralleling (a) but 
showing the dependence of normalized concentrations on tidal incursion.
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It is not the present purpose to explore the consequences of distant sources and sinks on the CO2 and CH4 
observations. Instead the analysis presented here is narrowly focused on the NH3 efflux issue, with method-
ology developed specifically to derive estimates of the average fluxes from the exposed land surfaces of the 
salt marsh, given that no conventional flux-gradient methodology is appropriate.

Data Availability Statement
Project data are publicly available for download from NOAA ATDD: https://www.atdd.noaa.gov/denh3.zip.
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