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Abstract. Nitrous oxide (N,O) is a potent greenhouse gas and ozone-depleting substance. Approximately 42% of anthro-
pogenic N,O emissions are thought to be emitted from urban areas. We tested three N,O analyzers for their suitability to
measure N,O in urban areas from tower and mobile platforms. All three analyzers (Aerodyne SuperDUAL, Aeris MIRA Ultra,
and LI-COR LI-7820) have sufficient precision for urban measurements but require different amounts of calibration and atten-
tion for best results. Using these analyzers, we observed tower-level enhancements at least 3 times larger than predicted from
the best available inventory for the NYC region. Co-measurement of carbon monoxide (available on all but the LI-7820) were
used to identify combustion-related enhancements of N,O. Mobile driving confirmed that traffic related emissions for NYC

are captured by the inventory and that wastewater treatment is the most likely source for the missing N,O emissions.

1 Introduction

Nitrous oxide (N,O) is a potent greenhouse gas with a global warming potential 273 times greater than that of carbon dioxide
(CO,) and is responsible for approximately 6% of anthropogenic global warming to date (Forster et al., 2023; Szopa et al.,
2023). Nitrous oxide has a lifetime of over 100 years in the atmosphere, with the dominant loss pathways including reaction
with O(D) and photolysis in the stratosphere (Prather et al., 2015). The reaction of N,O with O('D) produces nitrogen oxide
(NO), which catalyzes the destruction of ozone in the stratosphere (Crutzen, 1970). As emissions of nitrous oxide rise and
emissions of other ozone depleting substances, such as CFCs, decline, nitrous oxide has become the dominant anthropogenic
ozone depleting substance in the 21st century (Ravishankara et al., 2009). Unlike other important ozone depleting substances,
the Montreal Protocol does not regulate N,O.

1, with a change in atmospheric abundance of 4.6 Tg yr—*. Approxi-

Global N,O emissions are an estimated 18.3 Tg yr™
mately 36% of N,O emissions are anthropogenic, with agriculture the largest source (3.6 Tg yr~—!) (Tian et al., 2024). Fossil
fuels and industry together emit 1.1 Tg yr—!. According to the EDGARv2024 inventory (described below), urban areas (defined
by Schiavina et al. (2023) as urban center, dense urban cluster, or semi-dense urban clusters) account for 42% of total anthro-
pogenic N,O emissions. Traffic (Jimenez et al., 2000; Chu et al., 2024), wastewater treatment and sewers (Townsend-Small
etal., 2011; Fries et al., 2018; Vasilaki et al., 2019; Song et al., 2024), recreational use (Barker et al., 2022; Charoenpornpukdee

et al., 2023; Forster et al., 2026), and soils (Jarvi et al., 2014; Pierre et al., 2016; Zhan et al., 2023) have been identified as
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important urban sources. Addington et al. (2021) found a factor of 3 underestimation of urban N,O emissions in Los Angeles
using a long path laser system, consistent with previous findings from Wunch et al. (2009). Aircraft measurements in Rotterdam
also found a factor of 3 underestimate in inventories linked to both traffic and wastewater treatment (Tong et al., 2023, 2025).
However, aircraft measurements in the San Joaquin Valley found that traffic emissions were overestimated (Herrera et al.,
2021). Tower-based measurements in the suburbs of Zurich were consistent with inventory emissions estimates(Harris et al.,
2017). Traffic emissions have become a larger source due to the use of catalysts, used to reduce NOy emissions, that increase
N,O emissions (Hoekman, 2020). Traffic and other fossil fuel combustion also emit carbon monoxide (CO) as a combustion
by-product, while other sources do not emit CO. Therefore, CO can be used to distinguish combustion-related N,O emissions
from other sources.

N,O emissions have been characterized in New York City (NYC) from traffic, most likely buses (see Supporting Information
S7), and urban soils (Pierre et al., 2016). NYC has fourteen wastewater treatment plants (WWTP), along with several others
in the suburbs, though sludge de-watering and storage occur at only a handful of these plants. Several studies have identified
large N, O emissions from biological nutrient removal processes (Desloover et al., 2012; Law et al., 2012; Massara et al., 2017)
and sludge storage (Oshita et al., 2014; Willén et al., 2016; Galfalk et al., 2022; Galfalk and Bastviken, 2025) and de-watering
(Oshita et al., 2014).

The laser-based N, O analyzers we will investigate here have been used for tower networks (Miller et al., 2012; Ganesan et al.,
2015; Bergamaschi et al., 2015) and static chamber sampling (Brannon et al., 2016; Richardson et al., 2022; Kong et al., 2025;
Yang et al., 2025). N,O analyzers are capable of operating on different mobile platforms, depending on their configuration; all
of the analyzers can operate on mobile vehicle measurements (Moore et al., 2025), but only a few can be used for airborne
measurements (Xiang et al., 2013; Gonzalez et al., 2021; Knez et al., 2026). For tower and airborne applications especially,
the diffuse nature of N,O emissions means that enhancements are often below 3 parts per billion by volume (ppbv), or 1% of
the background (Xiang et al., 2013; Haszpra et al., 2018). Accurately measuring N,O in these settings therefore requires high
precision analyzers.

In this paper, we evaluate three commercially available nitrous oxide analyzers and demonstrate the importance of making
urban measurements with these or other similar analyzers. The analyzers were (i) a mid-infrared (IR) absorption spectrom-
eter (Aeris Technologies MIRA Ultra LDS) [Aeris MIRA Ultra], (ii) a cavity-enhanced IR absorption spectrometer (Aero-
dyne Research Inc. SuperDUAL QCL/ICL) [Aerodyne SuperDUALY], and (iii) an optical feedback-cavity enhanced absorption
spectrometer (LI-COR Environmental LI-7820) [LI-7820]. The Aeris MIRA Ultra and Aerodyne SuperDUAL analyzers also
measure CO, while the LI-7820 does not. We tested the response of each of these analyzers to water vapor and compared their
suitability for stationary and mobile setups. We then demonstrated the ability of these analyzers to distinguish between multiple

sources of N,O and estimate total N,O emissions for the NYC region.
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2 Methods
2.1 Description of Analyzers
2.1.1 Aeris Technologies MIRA Ultra LDS

The Aeris Technologies MIRA Ultra LDS (product no. 100490) analyzer measures N,O, CO, and H,O using a mid-IR laser.
This analyzer has been used for stationary deployments (Krebbers et al., 2025) and floating chamber studies (Peterse et al.,
2024). Aeris Technologies produces a similar analyzer measuring N, O and CO, that has been used for short-term deployments
near emissions sources (Kashtan et al., 2023, 2024; Chu et al., 2024) and soil chamber studies (Triches et al., 2025; Aumer
et al., 2025) Aeris Technologies, Inc. estimate the precision of the MIRA Ultra analyzer at 500 parts per trillion by volume
(pptv) for both N,O and CO.

The analyzer requires an external computer to transmit data, run solenoids for calibrations, and keep the time synced. It has
an internal pump with a flow rate of around 300 standard cubic centimeters per minute (sccm) through a 60 cubic centimeter
cell. The internal clock on our analyzer drifted by 40 seconds over the course of the three week tower deployment. Our analyzer
comes with a rack mount and a small footprint (48 cm x 18 cm x 28 cm; 9 kg).

We have previously observed the Aeris MIRA Ultra report non-physical negative CO mole fractions due to a line-locking
issue in the software. This problem required a visit to manually reset the analyzer. However, the issue did not appear to affect
the N,O measurements. This issue most commonly occurs during instrument setup where it was quickly corrected but has
occurred twice in the middle of a field deployment over the past three years. This poses a significant concern for long-term
deployments of the Aeris MIRA Ultra, especially at sites without internet access or that are difficult for technicians to reach.

The Aeris MIRA Ultra did not experience this issue while the analyzers were deployed together.
2.1.2 Aerodyne Research Inc. SuperDUAL

The Aerodyne SuperDUAL has been deployed for previous tall-tower (McKain et al., 2015; Schiferl et al., 2024, 2025),
mobile vehicle (Yacovitch et al., 2014; Catena et al., 2026), aircraft (Kostinek et al., 2019; Plant et al., 2019) measurements,
and flask sampling (Tong et al., 2023, 2025). Our analyzer has a 2L astigmatic Herriott cell with a path length of 210 m. It
was manufactured in 2015, and had both lasers and the computer replaced between 2020 and 2023. The internal computer on
the Aerodyne SuperDUAL allows it to connect to the internet, control solenoids, and maintain a stable time. The first laser
is an Interband Cascade Laser (ICL) that sweeps from 2988.520 to 2990.625 cm~! to detect methane, ethane, and H,O. The
analyzer’s main H,O measurement, and the one used in this paper, comes from the ICL. The methane and ethane measurements
of this analyzer have been extensively described in Commane et al. (2023). The second laser is a Quantum Cascade Laser (QCL)
to measure dry mole fractions of N,O, carbon dioxide (CO,), and CO. The QCL sweeps from 2227.550 to 2228.000 cm !
and includes absorption features for 13CO, (2227.605 cm™1), CO (2227.639 cm™!), N,O (2227.843 cm™1), and H,O. We

implemented the water broadening coefficients recommended by Kostinek et al. (2019) for this analysis. Aerodyne Research
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Inc. did not estimate the precision of the analyzer, but Kostinek et al. (2019) estimated the precision at 45 pptv for N,O and
1.3 ppbv for CO.

The Aerodyne SuperDUAL is best suited for long-term tower or mobile lab sampling. It is large and heavy (56 cm x 77 cm
x 64 cm; 75 kg) and requires an external pump and chiller (to maintain laser temperature stability) that require a stable power
source. The analyzer can run at up to 10 Hz sampling frequency for eddy covariance applications but sampled at 1 Hz for our
application. The external pump allows customization of the flow rate through the analyzer for higher frequency applications.
Our analyzer was configured for a flow rate of around 1500 sccm. Aerodyne Research Inc. recommends frequent (up to once
per hour) calibration of the analyzer to account for small temperature changes in the lasers. This analyzer has many options for

customization that require expert maintenance of the wavelength fitting and mirror alignment for optimal use.
2.1.3 LI-COR Environmental LI-7820

The LI-COR Environmental LI-7820 has been used primarily for static chamber studies (Richardson et al., 2022; Yang et al.,
2025; Kong et al., 2025; Seuferling et al., 2025; Bai et al., 2025). It measures only N,O and H,O but does not provide an
absorption wavelength range. LI-COR Environmental estimate the precision of the LI-7820 at 400 pptv for N,O.

The LI-7820 is slightly larger than the Aeris MIRA Ultra analyzer (51 cm x 18 cm x 33 cm; 11 kg). However, unlike the
other two analyzers it has 8 hours of battery life and a handle for easy transport, making it ideal for applications without access
to stable electricity, such as car, backpack, or chamber sampling. The analyzer also has an internal pump with a flow rate
of about 250 sccm. The optical cell is the smallest of the analyzers, at 6.41 cubic centimeters. The LI-7820 also requires an
external computer to download or transfer data, control solenoids, and keep the time synced. The clock on the LI-7820 drifted

by 90 seconds over the 3-week tower deployment.
2.2 Analyzer Testing

We performed three tests on each of the analyzers, measuring their precision, response to humidity changes, and stability.
To test the precision, we continuously sampled a dry compressed-air cylinder for four hours and calculated the Allan-Werle
variance (Yver Kwok et al., 2015; Defratyka et al., 2021). The Allan-Werle variance indicates the precision of the analyzers as
a function of the averaging period. The trough of the curve represents the maximum instrument precision and the time scale
over which analyzer drift becomes relevant.

Previous work has shown that similar laser spectrometers often have a residual dependence on humidity (Kostinek et al.,
2019; Commane et al., 2023; Knez et al., 2026). To test the response to humidity, we used a Perma Pure Nafion (™) dryer to
vary the humidity of the analyzers while sampling from the same compressed air tank used in the precision test. The Nafion
dryer has a semi-permeable membrane separating the sample gas from a counter flow of air. This membrane is permeable to
water but testing indicated that other gases, especially CO,, could pass across the membrane for a sufficient gradient. Therefore,
we used the same cylinder for the counter flow as the sample flow. We determined the dependence of each analyzer on water

vapor from the fit to the reported mole fraction against the reported humidity.



120

125

130

135

140

145

150

https://doi.org/10.5194/egusphere-2026-3919
Preprint. Discussion started: 3 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

To test the analyzers’ stability, we excluded some of the calibration tank runs from our calibration setup and re-interpolated
the calibration to those points to estimate how the calibration uncertainty changes as a function of the calibration setup. For
example, we applied only every second (or third, or fourth, etc) day’s 2-tank span and intercept, keeping the frequency of
the compressed air constant. We repeated this test for the intercept, using compressed air runs every four (or six, or eight,
etc) hours to interpolate high-frequency intercept changes, keeping the frequency of the 2-tank calibrations constant. For each
test, we interpolated the observed value between the used calibrations to the unused calibrations in the same manner as we
calibrated the ambient data. We defined the uncertainty due to lower frequency intercept calibrations as the standard deviation
of the difference between the calibrations not used and the interpolated value. Results from these tests for CO can be found in

Supporting Information S1.
2.3 Tower Deployments

The Aerodyne QCLS was deployed at the City University of New York (CUNY) Next Generation Environmental Sensor
Observatory in Harlem (40.8153,-73.9503) from August 2024 to May 2026. The sampling point is 93 m above sea level and 56
m above ground level and has been described elsewhere (Commane et al., 2023; Schiferl et al., 2024, 2025). For three weeks
in May 2025 the Aeris MIRA Ultra and LI-7820 measured from this same inlet. Raw data from all analyzers were corrected
according to the results of the humidity correction described below. To calibrate the analyzers, we sampled two calibration tanks
traceable to the NOAA-2006A standard for N,O and WMO-X2014A for CO once daily to determine a slope and intercept for
calibration. We then interpolated the slope and intercept from the 2-tank calibration to the 1-second raw data. We also sampled
a compressed air tank every 2 hours to account for higher frequency changes in the intercept. We then interpolated any intercept
changes calculated from the compressed air to the 1-second data after applying the 2-tank calibration.

The Aeris MIRA Ultra was deployed separately at Rutgers University (40.4623,-74.4293, 20 m AGL) and Floyd Bennett
Field (FBF; 40.5818,-73.8887, 4 m AGL). These deployments were calibrated once daily with two calibration tanks traceable
to the NOAA-2006A standard for N;O and WMO-X2014A for CO. These deployments did not have the compressed air tank

to adjust the intercept every two hours.
2.4 Mobile Deployments

The mobile deployment at street level shown here occurred in January and June of 2025 as part of the Transport and Energy
Emissions from Manhattan Streets (TEEMS) campaign. The TEEMS deployments included the Aeris MIRA Ultra and the LI-
7820 (June-only). Further details, including survey design and plume identification are described in more detail in Supporting
Information S7. The mobile measurements outside of Ward’s Island WWTP occurred in January of 2024 and used the Aeris
MIRA Ultra. The Aerodyne SuperDUAL has also been deployed in mobile measurements, including in Catena et al. (2026)
but required the larger space and greater power supply of a dedicated mobile laboratory. Plumes were identified using CO
enhancements and a linear regression was calculated between N,O and CO for the 20-second period centered on the plume.
We identified traffic-related plumes as those with an R? for the N,O/CO regression line above 0.75 and an R? for the C,He/CHy

regression line below 0.9. We also applied this criteria to the 5-minute averaged tower data.
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2.5 Observation-Informed Regional Emissions

To estimate total emissions for the region, we scale the sum of an emissions inventory for the region by the ratio of the observed
N,O enhancements to predicted N,O enhancements using the same inventory (Equation 1). This method is well established
for estimating regional emissions of greenhouse gases (Xiang et al., 2013; McKain et al., 2015; Floerchinger et al., 2021;
Sargent et al., 2018, 2021; Wei et al., 2022) and has been used previously at this site for methane (Schiferl et al., 2025) and CO
emissions (Schiferl et al., 2024).

Observed Enhancements

Estimated NoO Emissions = Inventory Emissions -

6]

Predicted Enhancements

We estimated the background N,O from a distribution of backgrounds using a set of 240 resampling bootstraps (n=1000)
with replacement from the hourly mean observations in each rolling 10 day window. For each set, we took the 30" percentile
observation and then took the mean across the sets as our estimated background for that hour and the 25 and 75" percentiles
across the sets as the background uncertainty. This method is the same as previous work at this site for methane (Schiferl et al.,
2025). We chose to use the 30" percentile observation is intentionally a conservative estimate of the background N,O mole
fraction given the lack of an upwind site to characterize inflow into the region. Studies for other greenhouse gases typically use
the 51 percentile at urban sites (Ammoura et al., 2016; Lopez-Coto et al., 2022; Schiferl et al., 2024). Since N,O is typically
thought to have fewer urban sources we opted to use a higher background. Further discussion of the impact of this choice
can be found in Supporting Information S2. To reduce uncertainty stemming from the transport model we only included data
(11:00 - 16:00 local time) when the boundary layer is highest and well-mixed.

The highest-resolution inventory available for the NYC region is the EDGARv2024 inventory (developed for 2023) at a res-
olution of 0.1x0.1°(Crippa et al., 2024). According to EDGARvV2024, emissions for the NYC region in 2023 were around 6000
metric tons. To estimate the predicted enhancements, we convolve this inventory (mol-m~2-s~!) with footprints (mmﬁ%)
generated from the Stochastic Time-Inverted Lagrangian Transport model, or STILT (Lin et al., 2003; Fasoli et al., 2018). We
configured STILT to release 500 particles backwards in time for 24 hours, driven by meteorology from the High Resolution
Rapid Refresh (HRRR, from the National Oceanic and Atmospheric Administration) at 3 km resolution (Benjamin et al.,
2016). Tracking the particles’ interactions with the bottom half of the boundary layer produces a map of the surface influence
on our site called a footprint. We also tested this with meteorology from the North American Mesoscale 3 km (NAM3) forecast
from the National Centers for Environmental Prediction for the second year of our analysis. Results are available in Supporting

Information S3 and are consistent with the results using HRRR meteorology.
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3 Results and Discussion
3.1 Analyzer Testing
3.1.1 Analyzer Precision

All three analyzers outperformed their reported 1-second precision in our tests. The Aerodyne SuperDUAL shows the greatest
precision, followed by the LI-7820 and then the Aeris MIRA Ultra (Figure 1A). However, the Aerodyne SuperDUAL has
its minimum variance at a shorter integration time, indicating that analyzer drift happens on shorter timescales and that the

analyzer may require more frequent calibration to achieve best results.
3.1.2 Humidity Sensitivity

The Aerodyne SuperDUAL shows the greatest sensitivity to water vapor, while the LI-7820 was the most difficult to correct
due to its nonlinear response to humidity (Figure 1B).

Using the water broadening coefficients from Kostinek et al. (2019), the Aerodyne SuperDUAL N,O had a residual humidity

ppbv
% HQO ‘

we re-calculated the etalon fit on the Aerodyne SuperDUAL. When we tested the water vapor sensitivity again after changing

dependence of 2.13

This relationship was linear and simple to correct. After the tower deployment for this study ended,

the etalon fit, the correction had changed significantly, including a sign change for some species. We ran that test multiple times
and observed that the humidity correction was consistent when the etalon fit remained constant. Therefore, we conclude that
adjustments to the etalon fit will also affect the water vapor broadening and a water vapor test should be run after every etalon
adjustment for the Aerodyne SuperDUAL.

The Aeris MIRA Ultra showed a linear dependence on water vapor. The raw N,O measurement changed by -0.68 %p %’;’O

and was simple to correct. We tested the humidity dependence for this analyzer multiple times with consistent results each time.
There is an option to manually adjust the spectral fitting in the Aeris MIRA Ultra software, which may affect the humidity
dependence, but we did not change this during our deployment.

The LI-7820 showed a cubic dependence on humidity, with changes of up to 0.5 ppbv at 0.3% H,0 and -0.5 ppbv at 1.4%
H,0. However, the cubic fit is imperfect and does not capture the trend as well as the fits for the Aerodyne SuperDUAL and
Aeris MIRA Ultra. The LI-7820 also exhibited a hysteresis at around 0.2 % H,O, with the reported N,O dropping by around
0.5 ppbv. We did not observe this step change around 0.2% H,O in the daily calibrations.

3.1.3 Analyzer Calibration

For all three analyzers, assuming a linear calibration with a slope and intercept, changes in the intercept had a larger effect
on calibration uncertainty than changes in the slope. None of the analyzers showed a significant change when changing the
frequency of the 2-tank span and intercept (while holding the frequency of the compressed air constant at every 8 hours, see
Figure 1C). In contrast, all of the analyzers showed a significant dependence on the frequency of the compressed air (holding

the 2-tank span constant at every 10 days). The dependence was greatest for the LI-7820, which has the lowest uncertainty
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Humidity dependence of analyzers plotted as raw reported N,O mole fraction against reported H>O. C) Uncertainty associated with changing
the frequency of the 2-tank span and intercept, holding the compressed air constant at every 8 hours (the vertical line on D)). D) Uncertainty
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10 days (the vertical line on C)).
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with frequent calibration but the most uncertainty once the compressed air was sampled less than once per day (Figure 1D).
The Aerodyne SuperDUAL consistently performed better than the Aeris MIRA Ultra for N, O despite the known temperature
dependence of the lasers. Calibrating every hour during regular operation, as the manufacturer suggests, would likely result in
improved performance from the Aerodyne SuperDUAL.

We observed that the LI-7820 had a wave-like variability in the reported N,O mole fraction with a period of about 3 days.
Adjusting the intercept with the compressed air every 4-12 hours, we were able to fit this variability and the LI-7820 had the
lowest uncertainty of the three analyzers. However, when applying the intercept adjustment every 2 days, we were unable to
fit this variability and the LI-7820 had greater uncertainty than the other two analyzers. The LI-7820 exhibited a sudden jump
in its calibration on May 14" (See Supporting Information S4). This jump occurred during a low-span calibration tank and
changed the raw observed N,O by around 1.5 ppbv. We observed that this jump affected both the slope and the intercept of the
two-tank calibration. Neither the Aerodyne SuperDUAL nor the Aeris MIRA Ultra exhibited a similar jump.

3.1.4 Tower Deployment

All three of the analyzers performed within limits sufficient to capture urban N,O variability. We observed enhancements
greater than 100 ppbv in the 1 Hz dataset, well above the noise of all three analyzers. The R? between each of the analyzer
pairs was above 0.94 for the 1 Hz data after calibration and water correction were applied. The different cell sizes of the

analyzers and instrumental noise account for any remaining discrepancies.
3.2 Urban N,O Observations
3.2.1 Traffic Signals

The TEEMS campaign targeted N,O emissions from traffic, with a particular bias towards bus emissions, which account for
9-21% of on-road N,O emissions in NYC (see Supporting Information S7). Figure S5 shows the Aeris and LiCOR sampling
a traffic-related plume of N,O. The different cell sizes lead to slightly different responses to the plume (see Supporting Infor-

mation S5). While we do not expect the N,O/CO ratio of traffic and other combustion sources to match exactly, we observed a

3 ppbv N2O
ppbv CO

(Inter-quartile range: 0.006, 0.023). Only 11% of observed CO plumes at street level contained N,O above 5 ppbv, indicating

strong similarity in the observed N,O/CO ratio at street and tower level. At street level, the median slope was 0.01

that the majority of vehicles in NYC do not use urea-based catalysts.

At the rooftop level during the 5-minute time periods identified as combustion-related (3.2% of 5-minute periods), we
observed a median slope of 0.011 % (Inter-quartile range: 0.007, 0.024) (Figure 2C). These periods accounted for 5.0%
of N, O enhancements above background. We observed this relationship in all wind directions, confirming that this source was
a distributed, non-point source and consistent with the presence of traffic in all directions. The similarity in N,O/CO ratios
between the street-level and tower-level combustion plumes were used to identify traffic-related signals at rooftop level.

The EDGARV2024 inventory indicates traffic-related emissions comprise 23% of N,O emissions in the NYC region, with

other combustion-related emissions comprise an additional 43% (e.g. residential combustion or energy production that may
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Figure 2. A) Tower-based time series showing two plumes as the appear on all three analyzers (Aerodyne SuperDUAL - Black; LI-7820
- Green; Aeris MIRA Ultra - Blue). We identify the first time series as combustion-related (pink in B and C) and the second as a non-
combustion signal (green in B and C). B) Scatterplot of the N>O and CO for the same two plumes as in A. C) Violin plot comparing the
distribution of N,O/CO ratios found in the times identified as combustion signal at rooftop level (pink, Aerodyne SuperDUAL) with the

signal found from the mobile surveys (orange; Aeris MIRA Ultra). All non-combustion related tower times are shown in green.

10



245

250

255

260

265

270

275

https://doi.org/10.5194/egusphere-2026-3919
Preprint. Discussion started: 3 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

also emit CO). We expect atmospheric mixing of both N,O and CO from other sources at the tower level, meaning the ob-
served fraction of enhancements associated with combustion was not indicative of the fraction of combustion-related emissions.
However, the large discrepancy between the observations and EDGARv2024 combined with large observed enhancements as-
sociated with wastewater treatment (see below) indicate that combustion-related emissions likely account for a smaller fraction
of N,O emissions than the 66% in EDGARv2024. This is consistent with Forster et al. (2026), who found no significant rush

hour peak of N,O and a lower than expected correlation between N,O and CO.
3.2.2 Wastewater Treatment Plants

Observations from tower level indicate that the largest N,O enhancements come from the southeast of the CUNY site in
the direction associated with Wards Island WWTP (see Supporting Information S6). The largest plumes were also typically
associated with this wind direction, though others were observed in the direction of the Edgewater WWTP to the west of
the site. As part of the 2022 campaign with the University of Albany, we drove loops around some of the largest WWTP
in NYC and observed by far the largest enhancements (over 600 ppbv) around the Ward Island WWTP (Figure 3). These
enhancements were far larger than any observed at other WWTP in the region or during the TEEMS campaign. The location
of the Wards Island WWTP on an island meant our drives came too close to the plant for quantification of the emissions, but
the large enhancements just outside of the plant were consistent with the observations at tower level. Wards Island WWTP
serves over one million people and, unlike most other plants in NYC, uses biological nutrient removal technology, which is
associated with N,O emissions (Desloover et al., 2012; Law et al., 2012; Massara et al., 2017). Furthermore, Wards Island
houses dewatering equipment for the sludge produced at several other NYC WWTP. Since sludge storage and dewatering
produce N>O emissions, we expect this site to emit more N,O than other WWTPs in NYC. However, we did not observe
significant N,O enhancements around a second plant with dewatering equipment, Newtown Creek WWTP, which also serves
over one million people. Newtown Creek WWTP was recently the site of a $5 billion upgrade that may have reduced emissions

and does not use biological nutrient removal.
3.2.3 City-Scale Emissions

We consistently observed larger enhancements of N,O than predicted from HRRR-STILT convolved with EDGARv2024.
Hours with negative observed enhancements are expected given the purposefully conservative choice of background (see
Supporting Information S2). The poor correlation between the observed and predicted enhancements for each hour reflects
transport model error, the coarseness of the EDGARv2024 inventory, and emissions variability. A similar setup has shown
better agreement in the past for CO (Schiferl et al., 2024) and methane (Schiferl et al., 2025) at the same site. Therefore,
we average across hours to account for emissions variability and any unbiased transport errors. In only two months out of
32 was the mean observed enhancement lower than the mean predicted enhancement. Across all data, the mean observed
enhancement was 3.3 times the predicted enhancement. Results from each sites differ (CUNY: 3.2, Rutgers: 2.2, FBF: 4.2)
but all agree that the predicted enhancements were significantly lower than observed. The mean ratio of observed to predicted

enhancements was slightly lower when using meteorology from NAM3 (see Supporting Information S3). We conclude that

11



https://doi.org/10.5194/egusphere-2026-3919
Preprint. Discussion started: 3 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Figure 3. Maps of the mobile measurements targeting sources of N>O using the Aeris MIRA Ultra analyzer. The height and color of points
are determined by the N> O mole fraction, with red representing mole fractions above 450 ppbv. A) The TEEMS campaign targeting the Upper
East Side found much smaller enhancements that were typically related to combustion from traffic (2025-06-06). B) The mobile deployment
around Wards Island found enhancements up to 900 ppbv around Wards Island WWTP on a day with wind from the East (2024-01-30). Since
the image is 3-dimensional, scale bars are valid for their location on the map. © Google Earth. All rights reserved. Image taken from Google
Earth Pro v7.3.7, 2026. 40°47°24.50"N, 73°55°27.23"W. Accessed 18 June 2026. Available at: earth.google.com. Landsat imagery courtesy
of the U.S. Geological Survey.
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Figure 4. A) EDGARv2024 inventory for the NYC region plotted in blue. The 50" percentile of surface influence from the HRRR-STILT
footprints (a measure of the region our sites are sensitive to emissions from) is shown with a black outline. Sites for our measurements are
shown with the same symbols as in panel B). B) Hourly predicted and observed N,O enhancements (in ppbv) between 11:00 and 16:00 local
time. Predicted enhancements were calculated from HRRR-STILT convolved with the EDGARv2024 inventory. Hourly observations for
2024, 2025, and 2026 from the Aerodyne SuperDUAL at the CUNY site are shown in shades of red, while the FBF (July - December 2025;
purple triangles) and Rutgers (June - September 2024; green triangles) deployments used the Aeris MIRA Ultra. The dashed line represents
1:1 while the dotted line represents 1:3. Due to the large number of points we have omitted error bars. The background-related uncertainty
was around 8% of the total enhancement, while the standard deviation of N>O mole fractions observed in each hour was typically around

40% of the enhancement.

13



280

285

290

295

300

305

https://doi.org/10.5194/egusphere-2026-3919
Preprint. Discussion started: 3 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

the difference between the observed and N,O emissions from the NYC region are most likely underestimated by a factor of
3, which is itself likely an underestimate due to the conservative choice of background percentile (see Supporting Information
S2). We also note that this consistent underestimation likely indicates that N,O is underestimated across the NYC region and
that no one source is responsible for the underestimation. However, at all three sites the largest enhancements typically had no
association with combustion tracer CO, again suggesting that wastewater treatment may be the main cause of the discrepancy.
Another possible explanation are natural sources, such as soils, that do not appear in the anthropogenic-only EDGARv2024
inventory. Previous work has identified soils in NYC as a source of N»,O but did not quantify total emissions (Pierre et al.,
2016). However, soils most likely had a more evenly distributed emission, which would be inconsistent with the significant

dependence of enhancements on wind direction at the CUNY site.

4 Conclusions and Recommendations

We evaluated three commercially available laser-based spectrometers (Aerodyne SuperDUAL, Aeris MIRA Ultra, and LI-COR
LI-7820) measuring N, O for suitability in urban measurements. We assessed the analyzer precision, humidity sensitivity, and
stability of all three analyzers. The Aerodyne SuperDUAL has the highest precision of the analyzers but requires consistent
calibration, potentially even hourly, and expert maintenance for best results. This analyzer is also the largest of the three tested,
requiring an external pump and chiller, and therefore is not suitable for smaller mobile vehicles. The Aeris MIRA Ultra has
the least precision of the three analyzers and more frequent calibration does not improve uncertainty as much as for the other
analyzers. The LI-7820 had the lowest calibration-related uncertainty when calibrating the analyzers daily, but the residual
humidity dependence was difficult to correct. The LI-7820 has an internal battery that makes it ideal for portable applications
or mobile sampling but it does not measure carbon monoxide (CO), which can distinguish between different sources of N,O
in urban environments. We recommend the Aerodyne SuperDUAL for the most precise applications and the LI-7820 for its
flexibility, though the lack of a CO measurement is a significant drawback.

Using the data from the Aerodyne SuperDUAL and Aeris MIRA Ultra, we characterized N, O emissions from the New York
City region. Enhancements at three different sites were three times larger than predicted using the best available inventory,
EDGARv2024, convolved with an atmospheric transport model (HRRR-STILT). Using the correlation with CO measurements
from the same analyzers, we identified that traffic and other combustion-related emissions account for a lower fraction of emis-
sions than indicated in the inventory. The largest enhancements were linked to specific wastewater treatment plants, especially
the Wards Island Wastewater Treatment Plant. We confirmed our source identification with mobile measurements, finding much
larger enhancements outside an older wastewater treatment plant than driving along city streets.

We found that the New York City region emits 3 times more N,O than estimated in inventories, consistent with similar work
in Los Angeles (Addington et al., 2021) and Rotterdam (Tong et al., 2023, 2025) but a larger underestimate than observations
in Zurich (Harris et al., 2017) and Groningen (Tong et al., 2025). To understand whether other urban areas are similarly
underestimated, we recommend tower and mobile measurements of N,O using fast response laser-based spectrometers to

capture the high variability of N,O mole fractions observed here.
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