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Abstract Ammonia (NH3) mixing ratios were measured between the surface and 280 m aboveground level
from a moveable carriage at the Boulder Atmospheric Observatory tower in summer 2014 as part of the
Front Range Air Pollution and Photochemistry Éxperiment. The campaign median mixing ratio was 3.3 ppb,
ranging from below detection limits to 192 ppb. Median vertical profiles show an overall increase in NH3mixing
ratios toward the surface of 6.7 ppb (89%) during the day and 3.9 ppb (141%) at night. In contrast to the
overall increasing trend, some individual profiles show decreasing NH3 in the lowest 10 m. This suggests that
the local surface is capable of acting as either a source or a sink, depending on the relative amounts of NH3

at the surface, and in advected air parcels. We further use this data set to investigate the variation in diurnal
patterns of NH3 as a function of height above the surface. At higher altitudes (100 ± 5 and 280 ± 5 m), NH3

mixing ratios reach a gradual maximum during the day between 9:00 and 16:00 local time, likely driven by
changes in source region. At lower altitudes (10 ± 5m), the daytimemaximum begins earlier at about 7:00 local
time, followed by a sharper increase at 9:00 local time. At this height we also observe a peak in NH3mixing ratios
during the night, likely driven by the trapping of emitted NH3 within the shallower nocturnal boundary layer.

Plain Language Summary Atmospheric ammonia has wide ranging impacts on environmental and
human health. Although it has strong sources and sinks at the earth’s surface, not many studies have
investigated the way that its concentration changes with altitude in the first few hundred meters above the
ground. Here we present ammonia measurements made from a tall tower showing changes in ammonia
concentration with height and the way that these changes can differ throughout the hours of the day. This
information can be important to better understand the processes that impact ammonia concentrations and
to improve our ability to represent these processes in models.

1. Introduction

As the dominant atmospheric base, ammonia (NH3) plays an important role in the formation and neutraliza-
tion of aerosols, which can impact human health, atmospheric visibility, and the global radiation budget
(Adams et al., 2001; Aneja, Schlesinger, & Erisman, 2009; Barthelmie & Pryor, 1998; Henze et al., 2012;
Pinder et al., 2012). It is also a significant contributor to nitrogen deposition, which can have negative impacts
on ecosystems (Erisman et al., 2007; Fenn et al., 2003; Krupa, 2003; Phoenix et al., 2012). Despite this, measure-
ments of gaseous NH3 are lacking. In particular, there are few long-term measurements at a high temporal
resolution and very little information available on the near-surface vertical distribution of NH3 mixing ratios
extending further than a few meters away from the surface (Erisman et al., 1988; Ryden & Mcneill, 1984). As a
trace gas with both point and area-wide surface sources, as well as a tendency to deposit rapidly to surfaces,
NH3 mixing ratios can be expected to vary significantly as a function of altitude. A greater understanding of
its vertical distribution is especially important given recent advances in satellite retrievals, which offer great
potential for understanding the global distribution of gaseous NH3. These retrievals are less sensitive toward
the surface and depend heavily on a priori profiles of NH3 mixing ratios throughout the lowest layers of the
atmosphere; they also require information on the distribution of NH3 for retrieval validation (Shephard &
Cady-Pereira, 2015; Sun et al., 2015; Van Damme et al., 2015).

Both the surface exchange and gas-particle partitioning of NH3 have been shown to depend heavily on changes
in meteorological conditions, including temperature, relative humidity, and wind speed (Hensen et al., 2009;
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Sommer, Olesen, & Christensen, 2009; Stelson & Seinfeld, 2007; Zhang, Wright, & Asman, 2010). NH3

emissions over strong sources such as hog waste storage lagoons have been seen to depend
exponentially on temperature because of the impacts of temperature on liquid mass transfer and solubility
(Aneja, Chauhan, & Walker, 2000). Greater wind speeds have also been seen to increase emissions
(Sommer, Christensen, & Nielsen, 1993). Surfaces with low NH3 content can also act as NH3 sinks through
deposition. In areas where ambient NH3 mixing ratios are similar to the equilibrium value that would be
expected over the surface, bidirectional exchange can take place, with the direction and magnitude of the
exchange additionally depending on meteorological factors such as temperature and atmospheric
turbulence (Zhang et al., 2010). Some of the resulting variability in NH3 mixing ratios is fairly well
understood. On an annual scale, for example, NH3 mixing ratios typically exhibit a maximum in warmer
months due to increased emissions as well as conditions that do not favor partitioning to particle NH4

+

(Li et al., 2014; Meng et al., 2011; Walker et al., 2004). Diurnal cycles in NH3 mixing ratios are somewhat
more complex and can differ greatly depending on the location of measurements and the strength and
proximity of emission sources (Chen et al., 2014; Erisman et al., 2001; Pinder et al., 2011; Saylor et al., 2010).
This complexity is highlighted by the difficulty that many models have in capturing these diurnal cycles
(Asman & van Jaarsveld, 1992; Markovic et al., 2014; Zhu et al., 2015). Additionally, there is little existing
information on changes in diurnal trends of NH3 with altitude, information that can help to illuminate
some of the different drivers of these trends (Lonsdale et al., 2016).

The Colorado Front Range is an interesting region in terms of air quality because of its various emission
sources, as well as the meteorology of the region (Brown et al., 2013; Haagenson, 1979). The primary sources
of NH3 in this region are agricultural, the result of a high density of Concentrated Animal Feeding Operations
(CAFOs) including cattle, dairy, and hog operations, ranging in size from less than 7,500 to more than 45,000
animals (Figure 1). Other sources of NH3 include agricultural fertilizer use (Goebes, Strader, & Davidson, 2003),

Figure 1. Map of the Colorado Front Range showing the location of the measurement tower and of nearby Concentrated
Animal Feeding Operations (CAFOs). Livestock census data come from the Colorado Department of Public Health and
Environment, (CDPHE), compiled by the Air Pollution Control Division (APCD) staff. The light blue color shows the 8 h ozone
nonattainment area.
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traffic (Moeckli, Fierz, & Sigrist, 1996; Watson et al., 1998), and urban emissions from throughout the Northern
Front Range Metropolitan Area, encompassing the cities of Denver, Boulder, Longmont, Greeley, and Fort
Collins (Nowak et al., 2012). In contrast, Rocky Mountain National Park, situated to the west, contains few
sources of NH3 and is more likely to act as a sink than as a source for NH3 (Benedict et al., 2013; Gebhart
et al., 2011). A few studies have investigated surface level NH3 mixing ratios in this region; however, none
of these describes the vertical changes in NH3 with the level of spatial and temporal resolution achieved here.
Measured mixing ratios were found to vary greatly between sites, but mixing ratios in the summer tended to
range between 4 and 11 ppb (Day et al., 2012; Heald et al., 2012 ; Watson et al., 1998). As expected, NH3 mix-
ing ratios in northeastern Colorado have been found to be higher in the warmer summer months, but a slight
increase in wintertime NH3 as compared to fall and spring has also been observed (Day et al., 2012). This was
attributed to the trapping of emissions within a shallower and less well-ventilated winter boundary layer.

Given the propensity of total NH3 to partition between the gas and particle phase, it is also useful to know
howmuch particle NH4

+ is available to influence gas phase mixing ratios through partitioning. The formation
of (NH4)2SO4 is essentially irreversible, meaning that SO4

2� particles can act as an NH3 sink, but meteorology
will have a weaker influence on gas-particle partitioning compared to NH4NO3, which is semivolatile (Seinfeld
& Pandis, 2006). Measurements of particle NO3

� may therefore provide a better estimate of how much par-
ticle NH4

+ might influence gas-phase NH3 mixing ratios, rather than particle NH4
+ itself. Existing analyses

based on measurements and chemical transport modeling indicate that the region is NH3-rich, with the for-
mation of NH4NO3 particles being limited by HNO3 rather than NH3 (Heald et al., 2012; Watson et al., 1998).
Concentrations of particle NO3

� in the Colorado Front Range in August have previously been measured in
the range of 0.5–1.25 μg/m3 (Day et al., 2012; Heald et al., 2012). Taking 1 μg/m3 as an average value, this
shows that particulate NH4NO3 could only contribute about 0.3 ppb to gas-phase NH3 mixing ratios. NO3

�

measurements from this campaign will be discussed in section 3.1.

The National Science Foundation Front Range Air Pollution and Photochemistry Éxperiment (FRAPPÉ) cam-
paign was a large collaborative effort involving aircraft, mobile, and stationary ground measurements of
many different species of interest to air quality in the Colorado Front Range. This campaign included the
installation of several instruments inside the Portable Instrument Shelter with Amenities (PISA) mounted
on the outside moveable carriage attached to the Boulder Atmospheric Observatory (BAO) tower in Erie
Colorado, enabling the measurement of vertical profiles of atmospheric components over a range up to
280 m in altitude without the use of long inlet tubing (Brown et al., 2013). From this platform, a Quantum
Cascade-Tunable Infrared Laser Differential Absorption Spectrometer (QC-TILDAS) was deployed with the
goal of elucidating the near-surface vertical profiles of NH3 mixing ratios and the diurnal changes in this pro-
file. The resulting data set allowed us to investigate the impacts of some of the factors that drive these trends,
including bidirectional surface-atmosphere exchange, horizontal advection, boundary layer dilution, and gas-
particle partitioning.

2. Methods
2.1. Site Details

The BAO tower is located in Erie, Colorado (40 03 00.10028 N, 105 00 13.80781 W), about 20 km to the north-
east of Boulder (Kaimal & Gaynor, 1983). Figure 1 shows the location of the site, as well as the locations of
nearby CAFOs, which contribute to the heterogeneous source region. The local surface around the site con-
sists of approximately 5,000 m2 of bare earth with a number of trailers containing instrumentation, sur-
rounded by a 0.5 km2 short grass field. The 300 m tower has a number of meteorological sensors at
multiple altitudes. The mixed layer height was determined every 6 s by a Vaisala CL51 ceilometer capable
of profiling between 0 and 15 km using backscattered LIDAR (Knepp et al., 2017). The tower is outfitted with
a moveable instrument carriage (PISA) able to carry an instrument payload of up to 772 kg, while making a
full ascent or descent approximately every 15 min. Due to different operational requirements of instruments
on board the carriage during the campaign, there were limitations on the number and timing of ascents, and
the carriage was frequently kept stationary at one of several heights for extended periods. In total, 241 full or
partial profiles of vertical NH3 mixing ratio were obtained, including several periods of continuous profiling.
The instrumentation trailers have the potential to influence wind direction and turbulent transport, as does
the presence of the tower itself on the northeast side of the carriage. In order to minimize artifacts in NH3
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mixing ratios, data were filtered before analysis to remove times when the carriage was brought to the
ground for instrument maintenance. All data are presented in local time (MDT = UTC 6:00).

2.2. Instrument Details

The QC-TILDAS (Aerodyne Research Inc.) used in this study measures NH3 mixing ratios using an absorption
feature at 967 cm�1 (McManus et al., 2008). Instrument precision varied throughout the campaign depending
on operating conditions, with an estimated 3σ limit of detection of 0.5 ppb at a sampling rate of 1 Hz.
Background spectra were obtained every half hour during the campaign using NH3-free air generated by a
palladium catalyst heated to 360°C (Aadco Instruments). This catalytic technique for NH3 removal has been
used successfully in other studies (e.g., Norman, Hansel, & Wisthaler, 2007), and we confirmed prior to the
campaign that it effectively removed NH3 while maintaining a relative humidity close to that of ambient
air. Instrument software divided raw ambient spectra by these background spectra before fitting the absorp-
tion peaks and calculating mixing ratios. Imperfections in the modeled fit of measured spectra cause inac-
curacies in calculated values; however, these have been shown to be stable over a wide range of mixing
ratios and can therefore be reliably corrected by calibration (Ellis et al., 2010). This was achieved by periodi-
cally introducing 1.7 ppb NH3 from a permeation source (KIN-TEK Laboratories, Inc.). In order to obtain ade-
quate calibrations while minimizing the interruptions to data collection, calibrations were run approximately
every 72 h. Multiplicative correction factors were interpolated between these points and can be seen in
Figure S1 in the supporting information. Based on the variability in the backgrounds and calibrations, the
accuracy of the ambient measurements is estimated to be 20% + 0.5 ppb. In order to avoid artifacts from
the volatilization of particle NH3 in the form of NH4NO3, as well as to protect the optical system from damage,
it is important to remove particulate matter from the sample stream. In order to improve time response and
reduce artifacts, the QC-TILDAS is equipped with a quartz virtual impactor inlet with a fluorinated silane coat-
ing that removes particles without the use of a filter (Ellis et al., 2010). Additionally, the length of the inlet tub-
ing (PFA, I.D. 3/8″) was kept as short as possible (3 m), and both the inlet and tubing were heated to
approximately 40°C.

The carriage also contained several other analytical instruments, including a Picarro 2401 cavity ringdown
trace gas analyzer that provided CH4 and COmixing ratios (5 s precision<1 ppb and<15 ppb and maximum
uncertainty<1 ppb and<2 ppb for CH4 and CO, respectively). We also compare our results to NH3 measure-
ments by a proton transfer-time of flight mass spectrometer (PT-ToF-MS) onboard the NASA P3 aircraft (1 Hz
LOD: 0.38 ppb), another QC-TILDAS aboard the C-130 aircraft (uncertainty: ±(28% + 0.328 ppb) + 0.111 ppb
and an open path QCL-based NH3 sensor mounted on a ground-based vehicle (1 s precision: 0.15 ppb, uncer-
tainty: 0.20 ppb ± 10%) (Miller et al., 2014; Müller et al., 2014). Finally, particle speciation measurements were
made aboard the P3 aircraft by Particle Into Liquid Sampler-Ion Chromatography (PILS-IC) (uncertainty: 20%)
(Beyersdorf et al., 2016). The PILS-IC, open-path, and PT-ToF-MS measurements were made during the com-
plementary National Aeronautics and Space Administration Deriving Information on Surface Conditions from
COlumn and VERtically Resolved Observations Relevant to Air Quality field study at the same time and over
the same region.

2.3. Data Analysis Details

Data analysis took one of two forms. First (method 1), full vertical profiles were examined, using only data
from periods during which the carriage was ascending or descending and excluding periods when the car-
riage was stationary in order to avoid biasing results toward any one height. These 1 Hz NH3 mixing ratio pro-
files were separated into 10 m vertical bins to calculate median profiles and variability. For comparisons
between nighttime and daytime profiles, night and day were defined as the periods from 21:00 to 3:00
and 9:00 to 15:00, respectively, excluding the transitional periods between these two states (all times are
given in local time, MDT). This choice highlights the contrast between the stable well-established low bound-
ary layer nighttime conditions and the well-mixed daytime column (Riedel et al., 2013). Second (method 2),
data were filtered for time periods when the carriage was within 5 m of three different heights: 10 m, 100 m,
and 280 m. These specific heights were chosen to coincide with the locations of meteorological stations on
the tower. Method 2 takes advantage of the greater quantity of data gathered while the carriage was station-
ary and simplifies the vertical dimension for the purposes of investigating diurnal patterns.
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3. Data and Interpretation

NH3mixing ratios measured over the full campaign (17 July to 13 August 2014) are shown in Figure 2a. Mixing
ratios range from below detection limit (<0.5 ppb) to as high as 192 ppb, with a mean and standard deviation
of 5.5 ± 7.7 ppb and a median of 3.3 ppb across the entire campaign, which is within the range of other mea-
surements made in this region (Day et al., 2012; Heald et al., 2012; Li et al., 2016; Watson et al., 1998). Source
region is one of the major drivers of the high variability seen in the NH3 mixing ratios measured here. This is
demonstrated in Figure 3a, which reflects the impact of the heterogeneous emission sources surrounding the
measurement site throughout the campaign. The highest mixing ratios are observed when the wind arrives
from the north and east, where the majority of CAFOs are located. In contrast, the lowest mixing ratios are
observed during westerly and southwesterly winds coming from the direction of the Rocky Mountains and

Figure 2. (a) Time series of 1 Hz NH3mixing ratio throughout the campaign. (b) Carriage altitude throughout the campaign
at 1 Hz, colored by measured NH3 mixing ratio (note that color bar is on a log scale and that values above the color scale
maximum have been set to the maximum color, while values below the minimum have been set to the minimum color).

Figure 3. (a) NH3 mixing ratio dependence on wind direction. Radial data are wind speed as a function of wind direction,
colored by NH3 mixing ratio (note that color is on a log scale and that values above the color scale maximum have been
set to the maximum color, while values below the minimum have been set to the minimum color). (b) Wind direction
at three heights during the day (9:00–15:00 MDT) and night (21:00–3:00 MDT). Radial scale shows frequency of wind
direction in terms of counts within 10° bins.
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the city of Boulder. The presence of higher mixing ratios of NH3 to the north and east of the site was con-
firmed by mobile measurement platforms (both aircraft and ground vehicles) involved in the campaign
(see Figure S2). Comparison with other coemitted trace gases can help to elucidate the sources of this
NH3. Emissions from agriculture, for example, can be expected to have a distinct ratio of NH3 to CH4, whereas
traffic emissions can be expected to have a distinct ratio of NH3 to CO2. In order to improve the sensitivity of
this comparison, it can be helpful to look at the ratio of excess values of each species rather than their abso-
lute values. Excess values are defined here as mixing ratios above a set background value, where the back-
ground value is taken to be the minimum value within a running window, the length of which is
determined using an optimization algorithm as described in Atherton et al. (2017). Eilerman et al. (2016) com-
piled excess NH3/CH4 ratios (eNH3:eCH4) from several studies, including the FRAPPE campaign, showing that
ratios from a variety of agricultural sources fall between 100 and 1,000 (mmol/mol). Similarly, excess ratios of
NH3 to CO2 (eNH3:eCO2) between approximately 0.1 and 0.75 (mmol/mol) can be indicative of traffic sources
of NH3 (Sun et al., 2014; Sun et al., 2017). Throughout the campaign, 67% of measurements fell within an agri-
cultural range of eNH3:eCH4, while 28% of measurements fell within a traffic-derived range of eNH3:eCO2.
Neither of these source indicators, however, shows the strong dependence on wind direction seen in the
absolute NH3 mixing ratio (Figure S3).

The difference between the emission rates from these different source regions is expected to be enhanced
during the daytime, as higher temperature and wind speeds increase the emission rate of NH3 from the
nearby CAFOs (Eilerman et al., 2016). The distribution of daytime and nighttime wind directions at the three
tower heights used in method 2 is shown in Figure 3b. While the overall wind direction is similar at all three
altitudes, it differs greatly between night and day. During the night (21:00 to 3:00 MDT) air at the site tends to
arrive from the southwest, driven by downslope flow, while during the day, it arrives more frequently from
directions that range between the north and southeast. Despite the apparent lack of wind from the northeast,
likely caused by airflow disturbance from the tower to the northeast of the carriage, for simplicity, we will
refer to this wide range as centering on the northeast. This meteorological pattern of upslope and downslope
flow causing nighttime winds from the southwest and daytime winds from a range centering around the
northeast has been observed during other campaigns at this location (Brown et al., 2013; Neff, 2016; Toth,
Toth, & Johnson, 1984), and its impact on diurnal patterns will be discussed in section 3.2.

A number of factors complicate the analysis of this data set, including the heterogeneity of regional NH3

sources seen in Figure 1. The inclusion of the vertical dimension adds a further source of complexity to the
time series, especially given that the changing measurement height (at a rate of approximately 0.4 m s�1)
changes the size of the footprint from which the influence of surface exchange can be expected, with foot-
print size and the distance of the area of maximum flux both increasing along with receptor height (Kljun
et al., 2015). Nevertheless, two primary observations have been made. First, the mixing ratio of NH3 increases
significantly toward the surface over a relatively small (<300m) vertical range. While this is not surprising, this
is the first report of continuous measurements of NH3 mixing ratios within this range of the atmosphere with
this degree of spatial and temporal resolutions. There is a large amount of variability between individual pro-
files, but the lower variability overnight allows the near-surface increase to be more evident than during the
day. Second, diurnal profiles of NH3 vary with measurement height. Small daytime maxima were observed at
100 m and 280 m, while measurements at 10 m displayed a more extreme daytime increase (up to 15 ppb) as
well as an overnight increase (up to 10 ppb). Each of these observations is discussed in turn below.

3.1. Vertical Profiles

Figure 2b presents vertical profiles measured over the full campaign colored by NH3 mixing ratio. Expansions
of two intensive profiling periods can be seen in Figure S4, highlighting the detailed vertical information
available in this data set. Median vertical profiles (method 1) along with the 10th, 25th, 75th, and 90th per-
centiles are shown in Figure 4 for the full data set, as well as for isolated night and day periods.
Corresponding profiles of temperature, relative humidity, and wind speed during the night and day are pro-
vided in Figure S5. The 13.4 ppb interquartile range in Figure 4a indicates that the variation between indivi-
dual profiles is quite high relative to median values (between 3.3 and 6.6 ppb). When every profile is included
(Figure 4a) there is a 2.7 ppb (66%) increase in mixing ratio toward the surface. The median column mixing
ratio during the daytime (Figure 4b) is 4.7 ppb higher than at night (Figure 4c), and the absolute increase
toward the surface is 2.7 ppb stronger. These daytime increases are observed even when the top of the
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boundary layer is above 280 m, and measurements might be assumed to be within a well-mixed boundary
layer. In contrast, the relative increase is higher at night (141% compared to 89%), and the lower variability
(both absolute and relative) throughout the column causes this trend to be more evident.

Measurements of NH3 by a PTR-TOF-MS aboard the NASA P-3 aircraft and a QC-TILDAS aboard the C-130 air-
craft restricted to an area of 10 km2 around the BAO tower show that this decreasing trend continues at
higher altitudes. In Figure 5, NH3 mixing ratios from these measurements are plotted as a function of altitude
in the same way as Figure 4, binned instead by 100 m. NH3 mixing ratios measured within the bottom three
100 m bins by the QC-TILDAS on the aircraft (Figure 5b) agree fairly well with those measured from the tower
during the daytime (Figure 4b). Those measured by the PTR-TOF-MS (Figure 5a) are somewhat lower;

Figure 4. NH3 binned by altitude (a) over 24 h of each day, (b) during the day (9:00–15:00), and (c) during the night
(21:00–3:00). The lines and dots represent the median and mean, respectively. The shaded boxes show the 75th and 25th
percentiles, while the whiskers represent the 90th and 10th percentiles. Also shown are the number of data points
contained in each 10 m vertical bin (N). Note the difference in scale for N in each panel.

Figure 5. NH3 measured (a) by PTR-TOF-MS aboard the NASA P3 aircraft and (b) by QC-TILDAS aboard the C-130 aircraft.
Data are shown from daytime periods when either aircraft was within a 10 km2 area around the BAO tower. In the
case of the PTR-TOF-MS this consists of four spirals above the tower, while in the case of the QC-TILDAS, this consists of a
number of transects through the area. Data are binned by altitude, where the lines and dots represent the median and
mean, respectively. The shaded boxes show the 75th and 25th percentiles, while the whiskers represent the 90th and
10th percentiles. The blue bars on each plot show the altitude range of the tower in m ASL. Also shown are the number of
data points contained in each 100 m vertical bin (N).
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however, the range of variability overlaps with that from the tower.
Since there are relatively few data points within these lowest PTR-TOF
bins, it may be that they were sampled at a time when the highly vari-
able NH3 mixing ratios were lower than average.

The increase in NH3 toward the ground (Figures 4 and 5) indicates that
the local surface can act as an NH3 source. The importance of this
source is also reflected in Figure 6, which shows a histogram of
observed NH3 mixing ratios at three heights: 10, 100, and 280 m.
While the highest average mixing ratio is found at 100 m, measure-
ments at 10 m show the fewest near-zero values when compared to
100 and 280 m. Given the similarity in wind direction throughout the
column (Figure 3b), this suggests that bidirectional exchange with
the surface plays a role in maintaining NH3 mixing ratios at 10 m as
opposed to 100 and 280 m, which are at a greater distance from this
process. The decrease in NH3 away from the surface can likely be
explained both by the limitations of vertical mixing on the transport
of these higher mixing ratios throughout the mixed layer as well as
the periodic isolation of higher altitudes from the surface due to occa-
sional low boundary layer heights. This is particularly evident in the
night (Figure 4c) when near-surface wind speeds drop dramatically
(Figure S5), reducing turbulent transport to higher altitudes, and low

mixed layer heights (Figure S6) separate the surface-impacted volume from the rest of the column.

Given the complexity of the relationship between mixing ratios and meteorological variables in this data set,
as well as the high degree of variability, it may be useful to examine some individual profiles that highlight
these two processes. Figure 7 provides example daytime and nighttime profiles with corresponding profiles
in meteorological variables. A detailed inspection of an individual nighttime profile (Figure 7a) highlights the
lower variability and clear surface increase typical of nighttime profiles, as observed in Figure 4c. Throughout
this profile, winds arrive consistently from the north, eliminating wind direction as an explanation for the sur-
face increase. Wind speed and temperature decrease toward the surface from an altitude of approximately
70 m. However, the increase in NH3 mixing ratio, similarly to that of relative humidity, begins at a lower alti-
tude than the boundary layer height indicated by the measured temperature inversion. Two things may have
contributed to the observed profile: (1) weak turbulent transport due to low nighttime wind speeds and (2)
isolation of the surface from higher altitudes due to the reduced nocturnal boundary layer height. In order to
highlight the impact of the boundary layer separation on the vertical distribution of NH3, Figure 8 shows the
carriage trajectory as it passes through the boundary layer. As it moves above the surface mixed layer (at 8:30
and 9:30 MDT), the mixing ratios of NH3 can be seen to drop. This demonstrates the limitations on vertical
NH3 transport caused by the isolation of higher altitudes from the surface source contained within a shallow
mixed layer.

Overnight NH3 mixing ratios are most variable in the lowest vertical bin, where surface partitioning can exert
the strongest influence (Figure 4c). During the day, variability exists more uniformly throughout the column,
with much of this variability driven by changes in source region (Figure 4b). Figure 7b shows that abrupt
changes in the abundance of NH3 can occur throughout a given profile, often related to changes in wind
direction. The lack of structure in the temperature profile suggests that the top of the boundary layer is
located above the highest altitude of the BAO tower during the time this profile was collected, and neither
NH3 mixing ratios nor meteorological variables exhibit clear altitude dependency. The slight increase in mix-
ing ratio toward the surface observed in Figure 4b, however, indicates that the influence of the surface per-
sists during the day despite more thorough boundary layer mixing.

Surfaces can act either as sources or sinks of NH3, depending on surface NH3 content, ambient NH3 mixing
ratios, and local meteorology (Zhang et al., 2010). While many individual nighttime profiles (e.g., Figure 7a)
show the continuous increase toward the surface observed in the median profile (Figure 4c), a number of
profiles exhibit a small decrease in NH3 mixing ratios immediately above the surface (e.g., Figure 7c). These
profiles likely indicate periodic deposition of NH3 to the surface, as has been observed previously at this

Figure 6. Histogram (normalized to unit area) of NH3 mixing ratios measured
during periods when the carriage was stationary over the full campaign (black
trace) and at three different heights (red, purple, and cyan traces). Negative
mixing ratios made up <3% of data points and have been omitted here.
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Figure 8. The bottom trace shows carriage altitude colored linearly by NH3 mixing ratio. The black line shows the mixed
layer height as measured by a ceilometer. The upper two traces show wind speed and wind direction measured on the
tower at 100 m during the same time.

Figure 7. (a–c) Three individual vertical profiles of NH3 mixing ratio are shown, colored by (d) wind direction. Individual
vertical profiles of associated meteorological variables (relative humidity, temperature, and wind speed) are also shown
for each of the three NH3 profiles.
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site (see section 4.1) (Li et al., 2016). The specific shape of these profiles is masked by the averaging used to
generate Figure 4c and may explain the slightly lower mixing ratio observed at 10 m as compared to 100 m
altitude (Figure 6). That the local surface sometimes acts as an NH3 sink is to be expected given that the
strongest sources impacting the location are at a distance from the measurement site. This leads to the
occasional advection of NH3-rich air masses over BAO, where surface equilibrium would suggest that
deposition should occur (Zhang et al., 2010).

The observed relationships between NH3 and meteorological variables in this data set are quite complex.
With respect to gas-aerosol partitioning, high NH3 mixing ratios are typically associated with high tempera-
tures and low relative humidity, due to the influence of these factors on surface-atmosphere exchange and
gas-particle partitioning (Gong et al., 2011; Lee et al., 1999; Li et al., 2014; Meng et al., 2011; Yamamoto et al.,
1995). In this study, however, we see no relationship with temperature. This is not surprising given the low
concentration of semivolatile NH4NO3 in this region, which minimizes the impact of temperature-driven
gas-particle partitioning on gas-phase NH3 mixing ratios. Particle NO3

� measurements were made aboard
several mobile platforms during this campaign, including by PILS-IC on the P3 aircraft. In order to ensure that
the concentrations are as representative as possible, we select only data from time periods in which the air-
craft was within 20 km of the BAO tower and under 280 m altitude, which gives a mean concentration of
1.04 μg m�3 and a maximum value of 4.55 μg m�3. As discussed previously, this suggests that volatilization
of the NH3 associated with this nitrate could typically contribute only approximately 0.3 ppb and, at the very
most, 1.4 ppb NH3. Based on this information, we infer that the gas-particle partitioning of NH3 is likely
responsible for, at most, sub-ppb level variation in the mixing ratios observed from the tower carriage.

Working opposite of the partitioning trend, however, emissions of NH3 from CAFOs are observed to
increase significantly throughout the day. This may be observed downwind of these sites if there is a
strong enough temperature-driven increase in surface sources, along with enough turbulence that NH3-
rich air is transported to higher altitudes. Given that the measurement site itself is a less significant source
of NH3 than CAFOs to the north and east, the main meteorological driver appears to result from changes
in wind direction rather than changes in temperature through their effects on emission strength.
Additionally, since these more significant CAFO sources are located several kilometers away from the site,
the impact of temperature on the strength of those particular surface sources will not be observed at the
BAO site until the atmospheric transport of those air parcels from the northeast to the measurement site
has occurred. This will likely cause some of the impacts of temperature to be observed some time after the
temperature-driven emissions actually occur. A lack of positive correlation of NH3 with temperature has
been observed previously in similar locations surrounded by intensive agriculture where source region
impacts dominate (Burkhardt et al., 1998; Chang et al., 2015; Horvath & Sutton, 1998; Pryor et al., 2001;
Sharma et al., 2014; Vogt, Held, & Klemm, 2005).

3.2. Diurnal Trends

Figure 9a presents the NH3 diurnal profile calculated for the entire column, while Figures 9b to 9d present the
diurnal profiles at 280, 100, and 10 m, respectively. Corresponding diurnal profiles of temperature, wind
speed, and relative humidity are shown in Figure S6. A comprehensive investigation of the relative impor-
tance of the individual and often opposing drivers of these diurnal trends is beyond the scope of the current
work and would require detailed chemical transport modeling. We can, however, suggest some possible
causes in the following section. At 100 and 280 m, NH3 mixing ratios exhibit slight daytime maxima between
approximately 8:00 and 16:00 MDT. The amplitude of these diurnal cycles, in terms of the ratio of the highest
hourly mean to the lowest hourly mean, is slightly greater at 100 m (5.4) than 280 m (3.5). These diurnal pat-
terns may be driven by horizontal transport and changing source regions. As seen in Figure 3b, wind direc-
tion at the site differs between night and daytime due to upslope and downslope flow. During the day, air is
more likely to arrive from the northeast, where the majority of nearby CAFOs are located, whereas nighttime
wind tends to arrive from the southwest, where there are fewer sources of NH3. The transitions between
these two airflow regimes happen between approximately 8:00 and 9:00 in the morning and between
15:00 and 21:00 in the evening. The timing of the daytime maxima in NH3 mixing ratios at these two altitudes
therefore coincides with the period of time during which they are influenced by higher NH3 mixing ratios in
air masses coming from the northeast.
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At 10 m the mixing ratio increase during the day is sharper (amplitude ratio of 8.7), and begins earlier, with a
slight increase at 7:00 MDT followed by a sharp increase between 8:00 and 9:00. There is also a small over-
night peak at 10 m (increase 17:00–0:00 and decrease 0:00–7:00), which is absent at 100 m and 280 m.
Since diurnal patterns in wind direction are relatively similar between the three stationary measurement
heights (see Figure 3b), the differences in timing and amplitude of the daytime increase and the nocturnal
peak at 10 m are not likely to be explained by differences in source region between altitudes. They might
instead be due to the stronger influence of the local surface at this height, as well as the impacts of changing
boundary layer height andmixing volume (Erisman et al., 2001; Fangmeier et al., 1994; Saylor et al., 2010). The
increase between 8:00 and 9:00 may be due to the same change in source region that drives the daytime
increase at 280 and 100 m. That the increase is sharper might be explained by greater proximity to the sur-
face, where NH3 mixing ratios are higher. The earlier increase in NH3 mixing ratio (between approximately
6:00 and 8:00 MDT) could be driven by the impact of higher daytime temperature and wind speed and lower
daytime relative humidity increasing the emission source strength of the local surface (Hatch, Jarvis, &
Dollard, 1990; Hensen et al., 2009; Schjoerring, Husted, & Mattsson, 1998; Sutton et al., 2009; Wu et al.,
2008). The average diurnal profile of temperature at this site (Figure S6) shows that the temperature at each
height begins to increase around 6:00, along with a corresponding decrease in relative humidity. This is about
an hour earlier than the initial increase in NH3 at 10 m. Average wind speeds at 10 m, however, are at a
minimum at this time of day, and this delay may therefore be due to the time required for the mixing ratio
signal caused by this local temperature-driven increase in emission to be transported vertically. Vertical
exchange velocity at this time of day was calculated following a simplified version of the resistance scheme
of Hicks et al. (1987) and found to be approximately 0.5 cm s�1. For the signal from a local temperature-driven
emission increase in NH3 to be transported to 10 m would therefore take about half an hour, which may help
to explain the delay. Since the major CAFO sources of NH3 are at a distance from the site, the impacts of

Figure 9. Diurnal profiles in NH3 mixing ratios at three different measurement heights and throughout the column.
The lines and dots represent the median and mean, respectively. The shaded boxes represent the 75th and 25th
percentiles, while the whiskers represent the 90th and 10th percentiles. Also shown are the number of data points
contained in each hourly bin.
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increasing temperature on the emission strength of these sources may also play a role in increasing NH3

between 8:00 and 9:00 at 10 m, since it would take some time for this temperature-driven signal to arrive
at the site. Taking an average wind speed at this time of 3 m s�1, this 2 h delay between temperature change
and mixing ratio change would be enough time for an air mass to move a distance of about 20 km, which is
on the order of the distance between the measurement location and the more significant CAFO NH3 sources
to the northeast.

NH3 mixing ratios can also vary with changes in the total mixing volume of the boundary layer (Fangmeier
et al., 1994; Fowler et al., 2001; Saylor et al., 2010; Walker et al., 2006). The relatively rapid decrease in NH3 at
10 m after 9:00 MDT may be due to the increase in mixed layer height between 9:00 and 13:00 (Figure S6),
causing a dilution of surface NH3. Wind speeds then continue to increase until about 16:00 (Figure S6),
contributing to the more complete dilution of surface NH3 throughout this mixed layer. The potential
impact that dilution can have on daytime NH3 mixing ratios may be seen in Figure 8. Here we see that
between noon and 17:00 on the afternoon of 3 August, winds remain fairly constant while the mixed layer
height increases fourfold, from approximately 500 to 2,000 m, and NH3 mixing ratio decreases fivefold from
15 to 3 ppb. This observation suggests that dilution might account for some of the daytime decreases in
NH3 we measure at 10 m; however, more detailed chemical transport modeling would be needed to
confirm this.

The increase at 10 m between 15:00 and 24:00 may be due to the increased emissions of NH3 from the local
surface once the mixing volume has stopped increasing and begins to collapse. This provides further evi-
dence that the local surface can act as a source. Conversely, as discussed in section 3.2, the surface appears
to act as an occasional nocturnal sink of NH3. The decrease that begins around midnight despite the fairly
constant reduced volume of the nighttimemixed layer over this time periodmay be due to the cooler surface
beginning to act as a deposition sink. An estimate of flux (mixing ratio multiplied by previously calculated
exchange velocity) gives a deposition rate at this time of day of about 20 ng m�2 s�1. The decrease frommid-
night to 6:00 is on the order of 4 μg m�3 (or 6 ppb). Since this decrease occurs at 10 m but not at 100 m, we
can calculate that the overall loss rate lies between 2 and 20 ng m�2 s�1 for mixing volumes that extend ver-
tically to either 10 or 100 m. This flux is within the range calculated by bidirectional exchange models for this
level of ambient NH3 (e.g., Zhang et al., 2010) and suggests that deposition at this time may be rapid enough
to account for the observed decrease in NH3 over this time period.

Given the low concentration of semivolatile particle phase NH4NO3 in this region in summer measured pre-
viously (Day et al., 2012) and during this campaign (see section 3.1), temperature-driven gas-particle parti-
tioning of NH3 is unlikely to have a significant effect on mixing ratios. Since measured wind directions are
similar at each height, the difference between the diurnal patterns may be impacted by the amount of influ-
ence that the surface has at each height. The differing degree of surface influence can be governed both by
the distance of eachmeasurement height from the surface and by whether themeasurement height is above
or below the boundary layer at any given time. The mixing ratio at 10 m is likely more strongly influenced by
local surface impacts, which may cause its diurnal cycle to be of a greater amplitude, and more closely timed
with the changes in meteorology that affect surface emissions. At higher altitudes, the impacts of changes in
surface emissions are limited by the time needed to mix NH3-rich air up through the column, and horizontal
advection may play a greater role. Similarly, whereas the 10 m measurement height is impacted by the
reduced mixing volume at night, the 100 m and 280 m boundary layer heights are often above the shallow
nocturnal boundary layer and therefore do not experience the reduced mixing volume that may cause a
nighttime increase in NH3 at 10 m.

4. Literature Comparison and Discussion
4.1. Vertical Profiles

There have been relatively few measurements of the distribution of NH3 within this vertical range of the
atmosphere (Asman & van Jaarsveld, 1992; Erisman et al., 1988; Li et al., 2016). Previous measurements of
NH3 mixing ratios at nine altitudes on the BAO tower were made by Li et al. (2016) over the course of 1 year
(Figure 10). Despite the use of the same measurement platform at the same location, the lower spatial reso-
lution, as well as the longer sample integration time (2 weeks), and sampling period (1 year), make
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comparison with the FRAPPÉ observations difficult. In order to facilitate
comparison, 10 m vertical segments were selected around each of the
heights used by Li et al. (2016) and the FRAPPÉ campaign average
within these segments was compared with average of Li et al. (2016)
measurements over the same weeks for 2012. Both average profiles
show an overall increase in NH3 toward the surface. In the Li et al.
(2016) profile this increase is smoother, likely because of the averaging
effect of the longer time period over which the data were collected. The
decrease in NH3 at the lowest altitude seen in the average Li et al.
(2016) profile is not reproduced in the average FRAPPÉ profile,
although it was observed in some individual FRAPPÉ profiles (see
section 3.2). Similarly, a number of individual Li et al. (2016) profiles
do not show this decrease but increase continuously toward the sur-
face. As discussed in section 3.2, this suggests that the surface at this
site can act as either a source or sink, depending on conditions such
as temperature and source region. The difference in the shapes of the
two average profiles near to the surface may be due to differences in
surface-atmosphere exchange between the 2 years. However, another
issue in this comparison is that due to logistical limitations, the FRAPPÉ
data set presented here is somewhat biased toward the daytime, when
this surface decrease was not observed. Additionally, the mean night
and day profiles correspond to a limited number of individual profiles.
This is particularly true of nighttime profiles, which, because of logisti-
cal limitations during the campaign, are compiled from profiles during
only two nights.

The overall increase in NH3 concentrations toward the surface is also in
agreement with some of the few other reports of measured vertical

profiles of NH3 at this scale, in observations made by Erisman et al. (1988) and by Asman and van
Jaarsveld (1992), both at the same site in Netherlands. NH3 mixing ratios were measured at four heights
between the ground and 200 m, with a time resolution of two samples a day (9:00 to 21:00 and 21:00 to
9:00 local time). NH3 mixing ratios were found to increase toward the ground with a smoother increase
toward the surface than in the FRAPPÉ data set, though it may be possible to attribute this to the lower ver-
tical resolution of their four heights (Erisman et al., 1988). The NH3 gradient in the Erisman et al. (1988) study
was found to be stronger during nighttime due to low turbulence and a shallower boundary layer. In contrast,
closer to the ground (i.e., 0–200 cm) where surface emission strength would likely dominate over turbulence
and boundary layer height, gradients have been found to be stronger in the daytime than at night (Hatch
et al., 1990). It is difficult to determine whether nighttime or daytime gradients are stronger in the current
study (see section 3.1), but both of these effects (higher daytime near-surface mixing ratios and lower
turbulent-driven variability during the night) are evident.

There have been a number of examples of NH3 observations from aircraft, providing information on the ver-
tical distribution of NH3 over an even wider vertical range (typically up to 5 or 6 km), though with less near-
surface information. Over land, average NH3 mixing ratios have been seen to decrease away from the surface,
as expected for a compound with strong surface sources (Alkezweeny, Laws, & Jones, 1986; Georgii & Muller,
1974; Lebel et al., 1985; Leen et al., 2013; Nowak et al., 2010, 2012; Schiferl et al., 2014; Sun et al., 2015). Over
areas with more of a tendency to act as a sink than a source (oceans for example), the opposite trend has
been observed, with NH3 mixing ratios increasing away from the surface (Lebel et al., 1985). Though the con-
tinental decrease in NH3 with height is fairly consistently observed, there exists a lot of variability within these
vertical profiles (Georgii & Muller, 1974; Lebel et al., 1985; Schiferl et al., 2014; Van Damme et al., 2015). This is
likely due in part to the impacts of different source regions, as seen in this study. Boundary layer dynamics
have an impact on the shape of the vertical profile over this spatial range because the isolation of higher alti-
tudes from the influence of the surface leads to lower mixing ratios above the top of the well-mixed bound-
ary layer (Georgii & Muller, 1974; Schiferl et al., 2014; Sun et al., 2015). Changes in boundary layer height may
therefore also play a role in increasing the variability in NH3 distribution. Though the height of the BAO tower

Figure 10. The blue traces show individual ~2 week average NH3 concentra-
tions measured by Li et al. (2016) in July and August of 2012 using passive
samplers at nine heights on the BAO tower. The gold trace shows NH3 concen-
trations measured by QC-TILDAS during the FRAPPÉ campaign averaged in 10 m
bins around each of the heights at which the Li et al. (2016) samplers were
deployed. The error bars represent standard deviation within each of these bins.
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does not typically enable us to measure NH3 above the daytime boundary layer, these aircraft observations
are consistent with the decrease that we observe above the nighttime boundary layer at BAO.

Modeled vertical profiles over source regions tend to replicate the observed decrease of NH3 with altitude
(Schiferl et al., 2014; Shephard et al., 2011; Van Damme et al., 2014). These modeled profiles typically under-
estimate the observed mixing ratios of NH3 from aircraft platforms, and this underestimate is largest near the
surface (Lonsdale et al., 2016; Schiferl et al., 2014). Measurements from the BAO tower suggest that this
underestimation may become more extreme even closer to the surface, as mixing ratios continue to increase
toward the surface at altitudes below what can be measured from aircraft. Existing modeled and measured
information on the vertical distribution of NH3 has been essential for the determination of a priori profiles
used in satellite retrievals of NH3 mixing ratios, as well as the validation of these results (Lonsdale et al.,
2016; Shephard et al., 2011; Shephard & Cady-Pereira, 2015; Sun et al., 2015; Van Damme et al., 2015;
Warner et al., 2015). Retrievals are done using one of two or three different a priori profiles, depending on
the amount of NH3 present in the region under investigation. NH3 mixing ratios in these a priori profiles typi-
cally increase toward the ground over polluted or moderately polluted regions, consistent with results found
here (Shephard et al., 2011; Warner et al., 2015). The retrieved profile is highly sensitive to the shape andmag-
nitude of the a priori profile (Shephard et al., 2011). More detailed information on the vertical distribution of
NH3, such as that presented in this paper, can therefore help to improve satellite retrievals in order to gain the
benefits of the wider spatial and seasonal coverage that they offer. Figure 11 shows the correlation between
the highest and lowest 10 m of every FRAPPÉ profile. The slope and r2 value of the fit to all data (0.43 ± 0.05
and 0.34, respectively) show that while a relationship exists between ground-level mixing ratios and those
measured aloft, the high degree of variability throughout the column causes the relationship to be quite
weak. Even if the comparison is restricted to profiles measured during the daytime, when the boundary layer
is expected to be well-mixed, the relationship is still quite weak (slope = 0.47 ± 0.09 and r2 = 0.40). As dis-
cussed previously, this variability was seen to be strongly driven by source region, vertical mixing, and

Figure 11. Correlation between average NH3 mixing ratios in the top 10 and bottom 10 m of every individual profile. The
black points show profiles measured during the daytime (between 9:00 and 15:00), while the grey points show all
remaining profiles including those measured during the night and during transition times. The error bars show the stan-
dard deviation within each 10 m segment. The black line shows the linear best fit to the daytime data, while the grey line
shows the linear best fit to all data, including daytime, nighttime, and transition times.
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boundary layer height. This result suggests that it is important to use caution in relating satellite and aircraft
measurements to the composition of the air at ground level. Large near-surface changes in mixing ratio must
be taken into account in developing and validating satellite algorithms, and even in assuming a well-mixed
daytime boundary layer.

4.2. Diurnal Patterns

Diurnal patterns of NH3 emissions reported in the literature are fairly consistent, showing increasing emis-
sions during the day, driven by increasing temperature, wind speed, and animal activity, and decreasing rela-
tive humidity (Beauchamp, Kidd, & Thurtell, 1982; Flesch et al., 2007; Hatch et al., 1990; Hempel et al., 2016;
Langford & Fehsenfeld, 1992; Ryden & Mcneill, 1984; Sutton et al., 2001). In contrast, there is a great deal
of variability among observations of diurnal patterns of NH3 mixing ratio. Some studies observe daytime
increases in NH3 mixing ratios, which can be explained by the increase in emission source strength with rising
daytime temperatures (Asman & van Jaarsveld, 1992; Gong et al., 2011; Harrison & Allen, 1990; Langford &
Fehsenfeld, 1992; Li, Schwab, & Demerjian, 2006; Nowak et al., 2006; Olszyna, Bairai, & Tanner, 2005;
Phillips, Arya, & Aneja, 2004; Smith et al., 2007; Sutton et al., 2001; Wentworth et al., 2014). Others see night-
time maxima, which can be explained by accumulation of emissions within the reduced mixing volume of a
shallow nighttime boundary layer (Burkhardt et al., 1998; Cadle, Countess, & Kelly, 1982; Erisman et al., 2001;
Meng et al., 2011; Sakurai et al., 2003; Wyers, Otjes, & Slanina, 1993). Still others see an initial morning increase
followed by a decrease in the afternoon, showing the interaction between these two drivers as the initial
effect of increasing temperature-driven emissions is taken over by dilution effects (Georgii & Muller, 1974;
Hu et al., 2008; Poulain et al., 2011; Trebs et al., 2005; Walker et al., 2006; Zhu et al., 2015). Similar variability
can also be observed in modeling studies of diurnal NH3 patterns (Asman & van Jaarsveld, 1992; Lonsdale
et al., 2016; Pavlovic et al., 2006; Zhu et al., 2015).

Several previous analyses of the determinants of diurnal patterns have been carried out (Erisman et al., 2001;
Fangmeier et al., 1994; Saylor et al., 2010). The determining factor in most cases seems to be not only the
strength but also the location of the major source of NH3 to the measurement location, in other words
whether the local surface tends to act as a source or a sink. Erisman et al. (2001) and Saylor et al. (2010) sug-
gest that daytimemaxima tend to occur in remote regions, while in areas with high emissions, or at least with
local sources, there tends to be a daytime minimum. As an explanation, Saylor et al. (2010) suggest that in
areas of low emission, nighttime mixing ratios are depleted through deposition to the surface, leaving day-
time emission to dominate, whereas in areas with local sources, mixing ratios can be replenished throughout
the nighttime, and so the daytime dilution factor is more important. This trend is supported by most studies,
with a few exceptions. Measurements that do not fit into this scheme, showing daytimemaxima in areas with
local sources tend to have either very high local emission sources, where the changes in emission source
strength with temperature are presumably enough to overwhelm the dilution factor (Markovic et al., 2014;
Phillips et al., 2004; Sun et al., 2015), or else are located in urban areas (Li et al., 2006; Nowak et al., 2006).
In the case of the urban sites, it may be that either emission strength is strong enough to overwhelm dilution
or that there is such an abundance of potential deposition surfaces that this process dominates.

One aspect that is not typically emphasized is the role of wind direction and air transport history in diur-
nal patterns (cf. Erisman et al., 2001; Gong et al., 2011; Sakurai et al., 2003). Because of the heterogeneity
of source regions, this can have a significant impact, as seen in section 3.2. In the data set collected from
the BAO tower, this seems to be the main factor driving the diurnal pattern at 100 and 280 m, since they
are at such a distance from local surface influence. Because of this, the diurnal patterns at these two
heights are less clearly influenced by the boundary layer height dilution effects and temperature-
influenced emissions that impact diurnal patterns at many other sites. Our observations of the diurnal
pattern at 10 m are more comparable to other studies, since they are at a more similar altitude. As men-
tioned in section 3.1, the local surface at this site can act as either a source or a sink, depending on the
NH3 mixing ratio of incoming air masses. As a result, we see both of the previously mentioned patterns;
the site experiences maxima in mixing ratios both at night and during the daytime. Timing and temporal
resolution complicate comparison with a previous observation of diurnal pattern in the region (Watson
et al., 1998). Sampling from 6:00–12:00, 12:00–18:00, and 18:00–6:00 local time at a nearby site,
Watson et al. (1998) observe slightly lower mixing ratios during the nighttime. When our data are aver-
aged over the same time periods, however, we observe an afternoon, rather than a nighttime minimum
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(Figure S7). This suggests that their measurement site becomes a stronger deposition sink earlier in
the evening.

To our knowledge, only one other study has examined the difference in diurnal pattern with altitude.
Wyers et al. (1993) made measurements at two points separated vertically by 10 m, with one above
and one within the canopy. They observe the opposite change in diurnal pattern with height to what
is observed here, with a daytime maximum at the lower measurement height (19 m), and a nighttime
maximum at the higher measurement height (28 m). However, both of these altitudes are presumably
located within the nocturnal boundary layer, and the influence of this reduced mixing volume can be
seen in the 28 m nighttime maximum. The lower measurement height, on the other hand, is located
within the canopy and may not experience the same boundary layer mixing as the other so that it
may not experience the impact of this reduced volume. At the same time, its location within the canopy
may magnify the influence of temperature-driven bidirectional exchange that would lead daytime emis-
sions to dominate due to nighttime deposition.

These comparisons highlight the added complexity that measurement timing, location, and resolution
(both spatial and temporal) can add to the interpretation of this data. Full column measurements at
BAO, for example, might show different trends than the surface measurements made here, as seen in
the difference between trends at individual heights and in the combination of all three heights.
Similarly, the impact of short-term dramatic increases in mixing ratio from wind arriving from strong
nearby point sources will have a different impact on the variability of biweekly as compared to 1 s mea-
surements. The importance of timing can be seen in the way that some studies have found diurnal pat-
terns to change throughout the year, exhibiting daytime minima in spring and winter, as compared to
daytime maxima in the summer months (Khezri et al., 2013; Meng et al., 2011). Diurnal patterns at a
given location can also change with meteorological conditions. This can be observed not only in the sea-
sonal variation of diurnal patterns mentioned but also by filtering data with respect to various meteor-
ological variables. Burkhardt et al. (1998), for example, observed a daytime maximum under high
wind-speed conditions, whereas under low wind-speed conditions, daytime mixing ratios were at a mini-
mum. Since NH3 emissions tend to increase with wind speed, higher wind speeds presumably allow
emission impacts to dominate over boundary layer effects (Sommer et al., 2009).

5. Conclusions

Based on this unique data set, two primary observations have been made. First, the mixing ratio of NH3 dur-
ing the summer at BAO tends to increase toward the surface. This appears to be driven by the lessening
impact of the surface source at increasing altitude due to distance and the limitations of vertical exchange,
as well as occasional isolation from the mixed layer. The high degree of variation between individual profiles
is likely driven in part by changes in source region. This increasing trend is consistent with a previous mea-
surement effort at this site (Li et al., 2016), except that we only see the decrease they observe at the very low-
est (0–10 m) altitude in a few individual profiles and not in the average vertical trend. These occasional
decreases, however, suggest that this surface can act as an occasional NH3 sink as well as a source. The ver-
tical information on NH3 distribution presented here is particularly important given the need for accurate a
priori profiles for developing satellite retrieval algorithms and for validating retrieval results. The large
changes in NH3 from 0 to 280 m might even need to be taken into consideration when assuming daytime
boundary layers to be well-mixed.

Second, diurnal profiles of NH3 at different altitudes were investigated for the first time and found to vary
with measurement height. NH3 mixing ratios at 280 m and 100 m show a slight midday increase, possibly
driven by changes in source region caused by the transition between upslope and downslope flows. The
patterns at 10 m are slightly more complicated and appear to be governed by the relative strengths of
(1) changing emission source regions, (2) temperature-driven changes in emission, and (3) turbulence-driven
changes in dilution volume. In order to push the interpretation of this data set further, a chemical transport
model with a bidirectional surface flux scheme could be used to differentiate between the relative impor-
tance of these different and sometimes opposing drivers on the observed trends. This would require the
characterization of the NH3 emission potential at high spatial resolution, and ideally high time resolution,
in the region around the site.
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