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Precise multispecies agricultural gas flux determined
using broadband open-path dual-comb spectroscopy
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Advances in spectroscopy have the potential to improve our understanding of agricultural processes and associ-
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ated trace gas emissions. We implement field-deployed, open-path dual-comb spectroscopy (DCS) for precise
multispecies emissions estimation from livestock. With broad atmospheric dual-comb spectra, we interrogate
upwind and downwind paths from pens containing approximately 300 head of cattle, providing time-resolved
concentration enhancements and fluxes of CH;, NH3, CO,, and H,0. The methane fluxes determined from DCS
data and fluxes obtained with a colocated closed-path cavity ring-down spectroscopy gas analyzer agree to within
6%. The NH3; concentration retrievals have sensitivity of 10 parts per billion and yield corresponding NH3 fluxes
with a statistical precision of 8% and low systematic uncertainty. Open-path DCS offers accurate multispecies
agricultural gas flux quantification without external calibration and is easily extended to larger agricultural
systems where point-sampling-based approaches are insufficient, presenting opportunities for field-scale

biogeochemical studies and ecological monitoring.

INTRODUCTION

In the United States, methane (CH,) emissions from livestock
(including enteric fermentation and manure management) are thought
to be the largest source of anthropogenic CH, emissions (1), with
most of these emissions attributed to the beef and dairy industries.
Precise estimation of livestock CH4 emissions is challenging due to
variability of management practices and cattle characteristics in com-
mercial farms. Furthermore, in grazing systems, environmental drivers
affect the forage quality (2), which, in turn, affects the enteric fer-
mentation CH4 emissions but remain unaccounted for in national
inventories (3, 4). Characterizing CHy flux from grazing systems is
difficult as animals are unevenly distributed, limiting the efficacy of
optical point sensor approaches (5). Cattle farms also emit consider-
able amounts of ammonia (NH3), a harmful aerosol-generating
pollutant (6). Quantification of NH3 emissions using traditional
methods is challenging due to its adsorptivity (7-9). Here, we show
that the dual-comb spectroscopy (DCS) technique is capable of pre-
cisely measuring these important emissions without large system-
atic biases.

Open path DCS is emerging as a powerful tool for determining
greenhouse gas (GHG) emissions in the urban (10) and oil/gas (11)
sectors. In DCS, the interference of two optical frequency combs
generates extremely high-resolution, broadband spectra, with negli-
gible instrument lineshape and a perfect frequency axis, while requiring
no external calibration (12-14). Together, these properties improve
the analysis of overlapping spectral features that appear in broad-
band atmospheric spectra and allow DCS to provide accurate path-
averaged multispecies concentrations and temperature measurements
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(15). In addition, the high brightness and spatial coherence of comb
sources enable precise spectroscopic measurements over kilometer-
scale paths. The precision achievable by DCS will lead to less uncer-
tainty on livestock CH, emission rates, thus improving the overall
uncertainty of national-level enteric fermentation models (16-18).

Here, we demonstrate DCS for multispecies (CH4, NH3, CO,,
and H,O) quantification of gas emission flux from a small beef cat-
tle feedlot and simultaneously validate the DCS system against a
closed-path cavity ring-down spectroscopy (CRDS) gas analyzer.
Measurements were performed between October 2019 to January 2020
and yielded over 10 days of CH, flux data for a field comparison
of the two techniques. Fluxes are determined using an inverse
Lagrangian dispersion model (IDM) that combines meteorological
data with upwind and downwind concentrations from both the
DCS and CRDS, and CH4 fluxes from both systems agree to within
model error. Our experimental design enables reliable benchmarking
against a standard technique; however, the open-path DCS should
allow for precise flux estimation in much larger pasture systems
with sparser point sources. In addition, NHj3 emission rates from
the feedlot are also determined using DCS with statistical precision
of <10%, highlighting the versatility of broadband open-path laser
spectroscopy for agricultural sensing.

Dual-comb system

The open-path DCS system (Fig. 1A) covers 35 THz from 1.4 to 1.7 um
with fully coherent frequency combs that can resolve the atmospheric
transmission across over 175,000 individual comb teeth. The system is
designed to target multiple gas species with laboratory-level precision
while operating in the field conditions of a cattle feedlot (Fig. 1, B and C).
It is based on all-polarization-maintaining, semiconductor saturable
absorber mirror (SESAM)-modelocked erbium-doped fiber lasers with
repetition rates near 200 MHz. Mutual comb coherence is established by
phase locking each comb to the same free-running 1560-nm external-cavity
diode laser and by phase locking the carrier-envelope offset frequency
(fo) of each comb using an in-line f-to-2f interferometer (19). In addition,
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Fig. 1. Experimental setup. (A) Schematic of the dual-comb spectrometer for feedlot gas concentration measurements on two optical paths. Yellow lines indicate single-
mode fiber (SMF) transmitting and receiving dual-comb light from the north (red arrow) and south (blue arrow) open-air paths. Note: Displayed 50:50 beam splitters were
fiber based. ADC/FPGA, analog-to-digital converter and field-programmable gate array. (B) Aerial image of Manhattan, Kansas feedlot. Approximation location of the
trailer (gray) containing DCS and CRDS systems is marked as well as that of the three-dimensional (3D) sonic anemometer (purple square), transmitting/receiving tele-
scope (Tx/Rx; black diamonds), retroreflectors (black chevrons), gas inlets for the CRDS system (orange circles) and sampling gas line (green lines), north open-air path
(red arrow), south open-air path (blue arrow), and SMF for dual-comb transport (yellow lines). The gas emission region only included the animal pens with an area of
3731 m Photo credit: Riley County, Kansas. (C) Photograph of the north end of the site including the trailer housing both DCS and CRDS systems, the PVC tubing for south
path SMF and gas line, Tx/Rx for the north path, and the north path retroreflector. Photo credit: Brian Washburn, NIST.

excess phase noise on the locks was subtracted in real time from the DCS
interferogram signal using a field-programmable gate array (FPGA)
(20, 21). The repetition rate difference (rate of interferograms recorded
per second) was set to 208 Hz. To tailor the comb spectrum, light for each
comb was amplified to ~1 nJ per pulse in an erbium-doped fiber amplifi-
er and sent through a short (~3 cm) piece of highly nonlinear fiber. The
35-THz wide spectra were filtered with 25-nm-wide band-stop fiber-
coupled micro-optic filters centered near 1560 nm to block light without
useful molecular absorption, maximizing achievable signal-to-noise ratio
(SNR). The final DCS spectrum covered absorption features from CHy,
CO,, NH3, and H,O (Fig. 2, A to D). For the DCS measurement, the
filtered outputs were combined using a 50:50 fiber combiner generating
two outputs that were directed over two open-air paths (Fig. 1A). Our
DCS derives its concentration accuracy from high-resolution transmis-
sion molecular absorption database (HITRAN)-based (22, 23) fitting
routines and its wavelength accuracy from a Global Positioning System-
disciplined quartz oscillator (19). There is no need for field calibration.

Measurement geometry

This work was performed at a Kansas State University beef cattle re-
search unit outside of Manhattan, Kansas (Fig. 1, B and C). The
288 head of cattle at the site were contained in a pen measuring 70 m
(north to south) by 60 m (east to west). Lasting from late October 2019
to early January 2020, the measurement captured gaseous emissions
from both the cattle themselves (i.e., CH4 from enteric fermentation)
and area-distributed emissions (i.e., CH4 and NH; from manure man-
agement). The DCS measured two paths, north and south of the cattle
pen, allowing both an upwind measurement (background) and a down-
wind measurement (enhancement). In the Manhattan area, prevailing
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winds from autumn to winter are northerly and southerly (fig. S1A).
Temperatures at the site varied widely from —10° to 20°C (fig. S1B).
The site is surrounded by open, ungrazed pasture on all sides, provid-
ing stable background concentrations with values close to typical at-
mospheric background levels (5, 24, 25).

The DCS system was housed in a trailer parked on the feedlot’s
north side. A 10-m-long single-mode fiber (SMF) connected the
first dual-comb output to the north telescope. The simple telescopes
each consist of an ferrule connector/angled physical contact (FC/
APC) fiber termination followed by a collimating 179-mm focal
length, 102-mm diameter, and 45° off-axis parabolic mirror. About
10 mW of eye-safe collimated dual-comb light was directed at a
5-cm-diameter retroreflector positioned 50 m away, and the reflect-
ed signal was recoupled back into the launch fiber with about 25%
efficiency. The returned dual-comb light was attenuated to <200
UW and coupled onto a 150-MHz bandwidth InGaAs photodiode.
A significant advantage of near-infrared (NIR) DCS is the ability to
use fiber to probe open-air paths far from the comb sources. To
reach the south path, the dual-comb light was transported both
ways through a 200-m-long duplexed SMF. Both telescopes were
mounted on automatic gimbals that were realigned remotely using
coaligned silicon charge-coupled device cameras. Each open-air path
has slight height variations along its 50-m distance, ranging from
1.5 to 2.0 m above ground, which is included in the flux-estimation
model described in Materials and Methods.

For each path, the InGaAs photodiode signal was low-pass fil-
tered at 100 MHz and then digitized and phase-corrected in real
time on an FPGA (20, 21). In addition to these two DCS signals,
inputs to the FPGA include the four phase-locked frequencies for
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Fig. 2. Broadband, high-resolution DCS spectra taken at the downwind edge of the feedlot. (A) Full DCS spectrum at 5-min averaging time with highlighted sections
showing the three spectral bands of interest (1, 2, and 3). Absorbing molecules are indicated each band with weak, interfering species shown in parentheses. (B) Example
subsection of band 1. DCS data are shown in black with a fit to a HITRAN model in gray. The inverted axis shows transmission models for each individual species—CH, in
yellow, H,O in blue, CO; in green, and NH3 in maroon. (C) Example subsection of band 2 with CO, and weak H,0. (D) A subsection of band 3 highlighting the benefit of
high resolution and large bandwidth, allowing retrieval of weak NH3 in a strong interfering H,O background. Note that, while DCS data in (B) to (D) are down-sampled to
1-GHz resolution for clear visualization, all fitting is done at the native resolution (200 MHz). Models shown here are for a 100-m round-trip path and 3.04 parts per million

(ppm) CHy, 452 ppm CO,, 0.57% H,0, and 1.23 ppm NHs.

stabilizing the two combs (i.e., the two optical beat notes and two
carrier-envelope offset frequencies), the two comb repetition rates,
and an external 10-MHz clock. The real-time correction algorithm
removes both phase and timing jitter in the interferograms and co-
adds them to yield a single spectrum every 5 min. In addition, a
three-dimensional sonic anemometer was positioned on a tower
near the north path at approximately 3.5 m above the ground to
record wind information every 100 ms.

RESULTS

DCS spectra and methane concentration retrievals

The DCS spectrum acquired at the feedlot over the standard 5-min
integration time resolves hundreds of narrow absorption features
over its 35-THz bandwidth, the broadest spectrum ever captured
using atmospheric open-path DCS (Fig. 2A). The absorption from
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CHy, CO,, and H,0 below 190 THz is weak for these short 100-m
round-trip optical path lengths, but one can observe the small percent-
level absorption lines in zoomed-in spectra (Fig. 2, B and C).
This small absorption provides enough signal to retrieve reliable
concentrations with DCS. Above 198 THz, the water absorp-
tion becomes stronger and visible in the unexpanded spectrum.
Underneath this strong water absorption are multiple weak NHj
absorption features (Fig. 2D). Our ability to retrieve NH3 concen-
trations amid this forest of strong water lines is evidence of the
benefits of the bandwidth, resolution, and low spectral distortion
possible with DCS. The total spectrum consists of over 175,000
spectral elements at 200-MHz point spacing (i.e., over 35 THz of
optical bandwidth). The DCS figure-of-merit, defined as the
product of the SNR and number of spectral elements, is in excess of
1.5 x 10’ for a 5-min average, comparable to laboratory-based DCS
systems (12).
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Clear enhancements are visible in the time series of measured
CH4 concentrations from the DCS and CRDS systems for over
8 hours on the night of 17 November 2019 (Fig. 3A). Similar con-
centration time series are retrieved for NHj3 as discussed below and
for H,0 and CO; as shown in the Supplementary Materials (fig. S2,
A and B). CH, concentrations are averaged to 15-min time resolu-
tion, the minimum time over which our flux calculation is taken to
be valid (8, 26-28). Typically, CH4 downwind enhancements with
cattle present were 600 parts per billion (ppb) above the ~2 parts per
million (ppm) background but could exceed 1 ppm during less
windy periods. CH4 concentrations from the two sensors and both
paths compare well within the 25-ppb DCS experimental measure-
ment precision estimated from the Allan-Werle deviations (29) of
the upwind data (Fig. 3B). Allan-Werle deviations generalize the
notion of measurement instability with each point signifying the
measurement instability over a given averaging period. The CHy
DCS precision at 900 s is 1.25 ppm-m (path-averaged concentration
precision of 25 ppb), which matches the 1 to 3 ppm-m precision
reported previously (15). Using the same method, the CRDS preci-
sion at 900 s was estimated to be ~2 ppb. An upward slope visible on
the CRDS upwind Allan-Werle deviation (Fig. 3B) is driven by
background CHj variability.

By this measure, the CRDS is an order of magnitude more pre-
cise than the DCS on the background (upwind) channel. However,
this higher instrument precision ignores the added sampling uncer-
tainty associated with intermittent point sensing compared to
continuous open-path sensing. The strength of DCS is seen in the
downwind channel, where DCS provides a more precise measure of
gas concentration than CRDS (Fig. 3B) despite having higher

Overlapping Allan deviation
([CH4l, ppm)
=
<
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104

103
Averaging time (s)

Fig. 3. Upwind and downwind CH,4 concentrations and associated instabilities.
(A) Time series of DCS (closed circle) and CRDS (open triangles) measured north
(red) and south (blue) dry concentrations of CHa. (B) Allan-Werle analysis of CH,4
concentrations calculated using all data displayed in the above time series; upwind
DCS (blue circles), downwind DCS (red circles), upwind CRDS (blue triangle), and
downwind CRDS (red triangles). Note that the instability of the upwind con-
centrations is lower for the CRDS. For the downwind case, the DCS data show lower
instability.
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instrument uncertainty. With only four gas inlets along each path
and less than 50% uptime on either path for one 5-min measure-
ment cycle, the CRDS is more susceptible to stochastic CH, plume
variability than is the path-averaged and continuous dual-channel
DCS sensor. In this experiment, the benefit in precision provided by
continuous and path-averaged sampling is as large as 20 to 40 ppb
(calculated as the difference in Allan-Werle deviations at 900 s for
downwind DCS and CRDS), comparable to the background statis-
tical precision of the DCS sensor of 25 ppb.

In this experiment, the homogeneous feedlot source provided a
near ideal plume geometry for emissions quantification and yet the
point sensor system still had decreased downwind precision due to
insufficient temporal and spatial sampling. In a pasture system,
where multiple, dispersed point sources create nonuniform plumes,
a continuous integrated-path measurement will provide much larger
improvements in precision over a multiport sampling system con-
nected to a point sensor.

Methane flux

We examine an 11-hour period during the night of 24 November 2019
with appropriate weather conditions for flux retrievals with our
IDM (see Materials and Methods) and complete coverage by
both the DCS and CRDS systems (Fig. 4, A to E). The CH4 concen-
trations are given for both the upwind and downwind paths from
both the DCS and CRDS systems (Fig. 4B). In addition, the CHy
flux from both the DCS and CRDS data is shown with the CH, flux
from the feedlot showing clear time dependence on the hour time
scale (Fig. 4, C and F). These changes are easily quantifiable with the
5-min resolution of our sensors and the averaged 15-min resolution
of the flux calculation. The DCS and CRDS measurements yield similar
time-dependent CHj fluxes from the feedlot with values ranging from
100 to 200 pg/m? per s. The CH, flux does show some disagreement
during a period of small enhancement after 2:00 a.m. when winds
were fast and near the edge of acceptable directions (Fig. 4C).

To compare the flux retrieved from the DCS and CRDS, we
examine the correlation between values measured simultaneously
with both sensors throughout the 4-month measurement campaign
(Fig. 5). We fit a linear slope to this correlation by splitting the data
into two groups: days with cattle present (day 305 to day 346) and
days without cattle (day 347 to day 355). Even without cattle pre-
sent, there is a baseline level of methanogenic bacterial activity in
the feedlot manure, leading to CHj flux values with an average
of 18 + 11 pg/m® per s. The intercept of the linear regression of the
days without cattle (i.e., small flux measurements) is used as the
intercept for a linear fit to the entire flux dataset. The intercept is
calculated to be 1.8 ug/m2 per s (2% of typical CHy flux) and the
slope is found to be 1.06, signifying a 6% bias between DCS and
CRDS flux estimates. This close agreement between DCS and CRDS
flux values was achieved without calibration of the DCS instrument
as is required for continuous-wave (CW) laser sensors measuring
comparable path-integrated concentrations (~100 ppm-m) (30).
The demonstrated ability of DCS to measure CHy flux accurately
without intensive calibration and on multiple remote fiber-connected
paths enables wider deployment of DCS systems for CH4 emissions
inventory development and mitigation efforts.

Ammonia concentrations and flux
The same DCS instrument that allows for accurate, calibration-free
quantification of feedlot CH4 emissions simultaneously provides
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Fig. 4. Time-resolved CH,; and NH; flux and averaged hourly diurnal flux cycles. Example dataset covering an 11-hour period showing (A) wind conditions at the
measurement site, (B) CH, concentrations (averaged to 15-min time resolution) retrieved from the DCS (solid circles) and CRDS (open triangles) systems for north (red)
and south (blue) paths, (C) the corresponding CH, flux retrieved from these DCS and CRDS measurements, (D) NH3 concentrations from the DCS system, and (E) the cor-
responding NH; flux. The wind barbs point to the direction from which the wind is coming. (F) Diurnal cycle of CH, flux determined by DCS (solid circles) and CRDS (open
triangles) when cattle were at the site (October 2019 to December 2019). Error bars are calculated by taking the SD of all 15-min averages included in each time bin. The
increase in CH,4 flux between hours 8 and 16 is due to increased enteric fermentation after cattle feeding. (G) Diurnal cycle of NH3 flux determined by DCS.

precise time-resolved NH; concentrations upwind and downwind
of the feedlot (Fig. 4D). The average NH; background concentra-
tion was 60 ppb, equivalent to background feedlot NHj3 levels re-
ported in the literature (24) but above standard atmospheric levels
of 4 ppb (25). This elevated background is likely due to the proxim-
ity of the open-path sensors to the emission area. The average NH;
enhancement was 430 ppb over background with some enhance-
ments up to 1 ppm. An Allan-Werle deviation of the NH; back-
ground gives a precision of about ~10 ppb or 0.5 ppm-m at 900-s
averaging time. The first demonstration of open-path DCS cap-
tured NHj3 absorption signatures with a beam passing over an open

Herman et al., Sci. Adv. 2021; 7 : eabe9765 31 March 2021

bottle of NH3 (31). We return to these roots by demonstrating the
first coherent, high resolution, open-path DCS detection of NHj
that enables quantification of feedlot NHj3 flux with precision rival-
ing commercial sensors (8, 32) while also providing vital CH, flux.

Using the same IDM as for CHy, NH; fluxes were calculated at
15-min intervals (Fig. 4E). The fractional uncertainty in NH3 flux
measurement due to DCS instrument error alone is 3.5% for the
average enhancement of 430 ppb (see Materials and Methods). The
Allan-Werle deviation can also be applied directly to flux time se-
ries and results in a statistical precision at 900 s of 8 ug/m? per s (8%
of average NHj flux). This analysis of instrument precision ignores
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Fig. 5. Correlation between DCS and CRDS CH, flux. The data are fit to a line,
determining the vertical intercept using fluxes without cattle (red x), and the slope
was determined using all data. This process demonstrates 6% overall agreement
between the DCS and CRDS CH, flux with a background offset of ~2 ug/m? per s
(~2% of usual flux with cattle present).

potential biases from baseline distortion, detector nonlinearity, and
cross-talk in the spectral model used to fit NH; and neighboring
H,O0 absorption features centered at 1510 nm (Fig. 2D). The uncer-
tainty due to cross-talk is estimated at <5% (see the Supplementary
Materials). Detector nonlinearity was not a large issue in this exper-
iment as the received light was highly attenuated and no deep ab-
sorption lines were used in the analysis. The cepstral-domain fitting
technique implemented in this work (see Materials and Methods)
has been shown to be less sensitive to baseline fluctuations (33).
Still, some bias in NH3 concentration due to the choice of cepstral-
domain filter function remains at a level comparable to the reported
statistical precision (<5%). The combined uncertainty due to the
effects discussed here is <10%, smaller than the ~20% disagreement
found in previous comparisons of NH3 flux estimation methods (8, 9).

Diurnal cycles of methane and ammonia
The gas emission rate from the feedlot (and from agricultural sys-
tems in general) fluctuates over time, and thus, continuous mea-
surement over a variety of conditions is necessary for complete
understanding of these emission sources. Diurnal cycles for both
CH4 and NH; fluxes from the feedlot were generated by binning
individual 15-min flux averages by hour of day for days when cattle
were present (Fig. 4, F and G). In total, DCS data from 12 days are
included in the diurnal cycle analysis, which amounted to 341 DCS
flux calculations or an average of 14 DCS flux measurements per
bin. A DCS flux average is only shown when the hour bin contains
three or more 15-min averages (Fig. 4, F and G). The diurnal cycles
with cattle present measured by DCS and CRDS match within sta-
tistical error bars. The morning hours are not as well covered by the
DCS system as rapid temperature shifts and frosting on optical com-
ponents made telescope alignment more challenging. Ruggedized
telescopes developed for DCS oil and gas research will be incorpo-
rated in the future to mitigate this issue (34). The DCS itself operated
robustly for the duration of the field campaign, breaking phase
locks only a handful of times over the 3 months in the field.

A clear diurnal cycle in CHy4 production from the feedlot is ob-
served with increased CHy fluxes during daylight hours (Fig. 4F).
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An increase in CHy appears after morning and afternoon feeding
times (6 a.m. to 7 am. and 1 p.m. to 2 p.m.), suggesting that the
source of the CH, emissions originates from increased cattle diges-
tion and associated enteric fermentation (4, 35). No such trend is
seen in hourly binned data when the cattle were not present, although
microbial activity in the manure still produces a small CHy flux. The
nighttime CHy, flux stabilizes as the cattle sleep, and the rate of en-
teric fermentation slows down considerably. The average DCS CH,4
flux during the presence of cattle (155 + 85 ug/m? per s) minus the
manure contribution (18 + 11 pg/m’ per s) gives an average cattle
CH, flux of 137 + 86 ug/m? per s. This number compares well with
the Intergovernmental Panel on Climate Change (IPCC) 2006 (18)
guideline number for beef cattle CH, emissions normalized to our
feedlot size (~135 ug/m* per s), although every agricultural system is
slightly different and deviations from this value are to be expected
depending on cattle feed and manure management techniques.

For time periods with good data coverage (all times but 9 a.m. to
12 p.m.), the diurnal cycle for NH; (Fig. 4G) shows less variation
than that of CHs. The NH; diurnal cycle shows a more constant
daily flux with an average of 104 + 39 ug/m” per s or 116 g per head
per day. This average compares well to literature values from mea-
surements conducted in the central United States at concentrated
dairy/beef cattle feeding operations during similar times of the year
(36-38). For instance, the mean per capita emission rates of NHj
during autumn months at two Texas panhandle beef cattle feed-
yards were 122 g per head per day and 83 g per head per day, mea-
sured using a single open-path CW laser sensor. The overall range
of NH; emission rates from the same feedyards varied between 31 g
per head per day in January and 207 g per head per day in October
(37). All the NH; fluxes measured with cattle present at our Kansas
test site fall within this range of values (Fig. 6A). NH3 does not orig-
inate from digestive processes, rather it originates from hydrolysis
of urea in the manure deposited on the ground in the feedlot pens
and the emission rate fluctuates slightly over the course of the day,
which has been observed in other feedlots as well (39). The lack of a
clear pattern is attributed to the many factors that must be consid-
ered when studying the rate of hydrolysis of urea and subsequent
volatilization of gaseous NH3. It is known that temperature, soil water
content, soil pH, and wind conditions can all modulate the rate of
NHj release from agricultural soils (40). It is also known that differ-
ences in the variety of bacteria in soil can alter the dependences of
any given soil ecosystem to the environmental factors (41).

Ammonia flux dependence on temperature and wind

Our open-path DCS measurement reveals the dependence of NH;
flux on temperature and wind speed (Fig. 6). Assuming constant pH,
soil temperature, total ammoniacal N in solution, and mass trans-
port coefficient, the volatilization of NH; should generally follow a
functional form proportional to Henry’s volatility constant (Kj,) for
ammonia-water solution at a given temperature (40, 42). This form
can be expressed (40) as Kp, = (A/T)10%12 = 1825/T \yhere A is a pro-
portionality coefficient and T is the ambient air temperature in kel-
vin. A fit to this function is applied to the estimated NHj3 fluxes with
an R? value of 0.36 (Fig. 6A), although it should be noted that a lin-
ear fit of the data provides a similar R* value. The fit conveys the
general increase in volatilization as a function of ambient air tem-
perature, which has been demonstrated previously (43, 44). Factors
such as microbial activity (41), manure pH (40), freeze-thaw cycles
(45), and winds (40) contribute to large deviations from the Henry
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Fig. 6. Dependence of NH; emission rate on environmental parameters.
(A) NHs flux (15-min averages) versus ambient air temperature. Color indicates 15-min
averaged wind speed (U) for given flux estimate. Black line represents fit (R* = 0.36)
to functional form for Henry’s volatility constant (40). Note the large deviations of
flux values near 0°C corresponding to complicated dynamics associated with
freeze-thaw cycles. (B) NHs flux (15-min averages; black dots) versus U for ambient
air temperature greater than 7°C. Red line represents fit (R* = 0.65) to power law
F = AUB with A = 56.1 ug/m? per s and B=0.77.

model. Microbial activity and manure pH were not measured but
can reasonably be taken to vary on seasonal time scales (43). Evi-
dence of complicated freeze-thaw dynamics is apparent in our sin-
gle season dataset, with a large spread of reported flux estimates in
the 0° to 5°C range, just above the freezing point of water. For fixed
temperatures above the freezing point and fixed surface character-
istic lengths, modeling shows (40) that volatilization scales nearly
linearly with average wind speed, U. For temperatures above 7°C, a
power law, F = AU can be reliably fit (R? = 0.65) to the NH; flux
data (Fig. 6B) yielding B = 0.77. This result falls very close to the
literature value (40) of 0.8, good evidence of wind-dependent emis-
sion rates of NH; from the feedlot. The large dependence of NHj
volatilization on environmental parameters stresses the importance
of extended continuous field measurements such as those provided
by calibration-free open-path DCS. For example, our results on the
wind dependence of NH; emission rate will inform future studies
aimed at reducing NH; emissions using modern management practices
such as restricted grazing (46), targeted manure application (47), and
agricultural windbreaks (48).

DISCUSSION

In this work, we demonstrate the advantages of broadband, high-
resolution laser sensing by using coherent, open-path DCS for agri-
cultural gas flux quantification for the first time at a small beef cattle
feedlot. The large DCS bandwidth covered absorption from four
different molecular species: CHy, NH3, CO,, and H,0. We specifically
target the CH, and NH3 emissions, which are the most important for
this agricultural system. DCS simultaneously achieves sub-parts per
million-meter detection sensitivity for NH; and parts per million-meter-
level sensitivity for CH,. Note that without the high resolution offered by
our fully coherent technique, broadband sensing for NH3 in this conve-
nient band (located next to the useful telecom C-band) would be next
to impossible due to H,O clutter (Fig. 2D). Furthermore, the DCS is
configured to measure across two displaced open-air paths using
fiber-coupled telescopes. In this way, we continuously monitor the
concentration over widely separated upwind and downwind open
paths, which then allows for accurate flux estimation based on the
directly observed concentration enhancement. We find the open-
path configuration of the DCS captures downwind enhancements
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due to the gas emission with higher precision than a standard closed-
path technique for certain wind conditions. When input to an IDM
model, the upwind/downwind DCS data yield a CHy flux for the
cattle feedlot that agrees to within 6% of the flux estimated by a co-
located closed-path CRDS system, which is well within the 10%
uncertainty attributed to flux models of this type (28). This agree-
ment against a standard agricultural measurement technique gives
us confidence that DCS accurately quantifies gas flux in an agricul-
tural context. Because of the length of tubing required to transverse
the feedlot site, a double path measurement of NHj3 using CRDS
cannot easily provide a reliable benchmark. Yet, the retrieved NH;
flux estimate from the DCS data generally agrees with the literature
in terms of absolute magnitude and dependence on environmental
parameters (Fig. 6).

A major motivation for this work is that the DCS system can be
extended to estimate emissions from much larger areas. To this end,
we briefly consider the requirements for estimating CH, flux from a
500 x 500 m pasture containing 40 cattle. When our values are
scaled to 500-m paths, the achievable DCS precision at 900 s should
be around 2 ppb, in line with previous NIR DCS demonstrations
(15). Assuming a standard box model for the cattle emissions (49),
we can scale the average CH4 enhancement (E = Cgjg — Cpg) mea-
sured in our feedlot to a possible pasture enhancement (E’) using
the following relation

wN’
w'N

Note that w is the feedlot width (60 m), w’ is the pasture width
(500 m), N is the number of cattle in the feedlot (288 head), and N’
is the number of cattle in the pasture (40 head). Equation 1 assumes
that w’ is less than the average horizontal wind speed times the mea-
surement integration period. This assumption should be satisfied
for w’ = 500 m and a 15-min integration time. Using Eq. 1, the en-
hancement on the downwind edge of the 500 x 500 m would be, on
average, around 10 ppb. By averaging fluxes, this enhancement will
yield a CHy flux uncertainty of 10% after ~2.25 hours. For GHG
inventories, one would like to measure weekly or monthly averaged
emission with >10% flux uncertainty (3, 17), which is easily supported
at this time resolution. Subdividing the pasture with additional beam
paths could greatly reduce averaging times if higher time resolution
is required.

Looking toward the future, the open-path advantage of DCS
motivates future pasture-scale flux estimation. As discussed above,
the same approach used here should be applicable to CH, and NH;
emissions from larger areas and will improve efforts to accurately
quantify livestock and other agricultural contributions to GHG in-
ventories. Open-path alternatives to standard techniques are espe-
cially advantageous for NH; detection given that the “sticky” and
reactive nature of NH3 demands difficult calibration of extractive
NHj analyzers. Here, we have shown that DCS is a viable solution
for sub—parts-per-billion level sensing of NH3 over kilometer scales
in a system that simultaneously provides information about multi-
ple other gaseous species with precision comparable to single-species
open-path sensors (8, 50, 51). The DCS NHj3 sensing has already
provided useful in situ data regarding the wind dependence of NH;
volatilization rates, simultaneously benchmarking biogeochemical
models and encouraging further emissions mitigation research (40, 47).
In the future, multispecies DCS sensing will help determine accu-
rate environmental dependences of CHy-NH3; and CO,-NH; emission

E =E

1
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factor ratios, ultimately improving our understanding of microbial
activity and carbon exchange in feedlot and grassland ecosystems
(43, 52). While the current system operated in the NIR, continued
advances of DCS further into the mid-IR provides opportunities for
the flux quantification of a greater number of gasses and with great-
er sensitivity. In particular, the 2.0- to 2.4-um spectral band pres-
ents increased sensitivity to CO,, CHy, and NH3 and is accessed
using photonic waveguides (53, 54). In addition, many groups have
recently demonstrated advances in mid-IR DCS sensing (55-61).
The functional group region (3 to 5 um) includes atmospheric
transmission windows with access to strong CHy, CO,, and N,O
absorption. Precision N,O emissions measurements are particularly
interesting for the atmospheric sensing community as N,O remains
an understudied portion of global agricultural GHG emissions
and a threat to the stratospheric O3 layer (62). Field-scale DCS
flux measurements covering multiple nitrogen-containing species
(i.e., NH3 and N,O) will enable improved benchmarking of soil bio-
geochemical models (63). The mid-IR can also be used for sensing
of biogenic volatile organic compounds and O3, enabling advanced
monitoring of plant health and agricultural aerosol production
(64). As part of the larger vision of “precision agriculture,” the fre-
quency comb offers precise gas fluxes for many species simultane-
ously over large spatial scales, which will one day enable sustainable
and more productive farming.

MATERIALS AND METHODS

CRDS setup

The DCS approach was also validated against a more traditional CRDS
measurement of CHy, CO,, and H,O performed using a commer-
cial trace gas analyzer (G2311-f, Picarro), which was housed in the
same trailer as the DCS system. Before the field deployment, the
CRDS analyzer underwent a multipoint calibration using primary
CH,4 and CO, World Meteorological Organization calibration stan-
dards (Global Monitoring Laboratory, NOAA, Boulder). At the mea-
surement site, the CRDS analyzer was connected to a custom-built
gas manifold. Four air inlets were deployed at the north edge of the
feedlot, and another four air intakes were set up at the south edge of
the feedlot. Each air intake consisted of a 1-m stainless steel tube
(0.43-cm inner diameter) with a rain diverter and mesh screen in
one of its extremities. The other extremity of the tube was connected
to a stainless steel filter (7-um sintered element filter). To prevent
condensation, the filter holder was heated using a 0.5-W heater
connected to a 12-V DC power supply, and a critical flow orifice
located downstream of the filter was used to reduce the air pressure
in the intake line and to ensure similar flow rate at all intakes. A
polyethylene/aluminum tube (0.43-cm inner diameter) draws air
from the intakes to the custom-made manifold.

The manifold was used to control the air flow from air intakes to
the CRDS gas analyzer. The manifold switched between north and
south air intakes every 30 s. The air was drawn continuously through
all air intakes at a flow rate of approximately 1900 cm® min™" using
a diaphragm vacuum pump. A sample of the total flow was directed
to the CRDS analyzer at a flow rate of 300 cm® min™". All gas trans-
ported to the CRDS sample cell is heated to 60°C before measure-
ment, and the CRDS only reports concentrations when its cell
temperature is stable. Certified calibration tanks were used to verify
the CRDS measurements every 6 hours. Concentrations measured
by the CRDS gas analyzer were recorded at a rate of 10 Hz, and
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north and south paths data were averaged every 30 s. The first 15 s
of data after switching intakes is discarded to ensure that the flush-
ing of the sampling line is not included in the averaged measure-
ment period.

Micrometeorological techniques and flux modeling

Gas emission flux is determined using an IDM (27) using the measured up-
wind and downwind concentrations combined with appropriate wind
statistics as inputs. IDM is a well-established micrometeorological
method to determine scalar exchange from well-defined source areas.
This model is particularly adept at quantifying gas emissions from
source areas with well-defined boundaries. The IDM uses the rise of
concentration downwind from the source and wind statistics to de-
termine the source emission rate. Numerous validation studies have
been conducted under field conditions by releasing a tracer gas at a
known flow rate and estimating the recovery rate with the IDM
(27,28, 65-67). These studies have reported an emission rate accuracy
of £10%. A freely available IDM software, WindTrax (27), was used
for these dispersion simulations.

The IDM approach requires appropriate weather conditions to
calculate reliable gas flux results, and data were filtered based on the
following criteria. As WindTrax is only valid on 15-min or longer
time scales, we averaged the 5-min raw concentration data to 15 min
(900 s) (8, 27). For our beam layout, wind direction (8) was required
to be northerly or southerly (315° < 6 < 45° or 135° < 6 < 225°).
Acceptance criteria for friction velocity (u*) and Monin-Obukhov
Length (L) were set at u* > 0.1 m/s and |L| > 10 m/s (68). The weather
statistics at the site satisfied these criteria 60% of the total measure-
ment time. The site wind conditions, temperature, and precipitation
records are available for all measurements (fig. S1). The gas emis-
sion region (Fig. 2B) used by the IDM included only the cattle pens
consisting of an area of 3731 m? (the road in between the pens was
not included in the emission region). In WindTrax, both the DCS
and CRDS north/south path concentration measurements were
modeled as line concentration sensors with 30 points, starting at the
telescope and ending at the retroreflector.

One of the principal sources of uncertainty in the IDM arises from
the uncertainty in the concentration measurements themselves, either
from the DCS instrument or CRDS instrument. The resulting frac-
tional uncertainty in the flux can be estimated from the following

OF -~ \/Ecc,bkg (2)
F Csig - Cbkg

where F is the flux, or is flux uncertainty, ocpig is the background
concentration uncertainty, Cgg is the signal (downwind) concentra-
tion, and Cyg is the background (upwind) concentration. This for-
mula assumes equal precision on background and signal paths and
ignores errors due to measurement deadtime and geometry as well
as uncertainty in wind field measurements and inherent model un-
certainty. Equation 2 is designed to capture the instrument contri-
bution to measurement uncertainty. The average CH4 enhancement
(absolute value of the concentration difference between paths) mea-
sured by the CRDS and DCS over the course of the measurement
campaign was approximately 600 ppb. Combining this average en-
hancement with our DCS precision of 25 ppb yields an average nor-
malized DCS flux uncertainty of 6% using Eq. 2. For further
comparison of CHy concentration measurements using DCS and
CRDS, see the Supplementary Materials (fig. S3).
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Concentration retrieval using cepstral analysis

The spectra are analyzed using a fit model derived from a combination
of the HITRAN 2008 and 2016 databases and the cepstral-domain
technique (22, 23, 33). HITRAN 2008 was used for all molecules
except NH; for comparison with previous NIR DCS results. The
dual-comb spectra are chopped into three bands: 1, 2, and 3, respec-
tively, covering 179.3 to 184.3 THz, 197.2 to 200.7 THz, and 185.7 to
187.4 THz. These bands are used to retrieve CHy, CO,, and NH;/
H,0, respectively (Fig. 2A). Temperature and pressure data for the
fit model are provided by a sonic anemometer (69, 70) and a weather
station, respectively, which were both located on the same tower
during the measurement campaign (Fig. 2B). The bias associated
with fixing the temperature to this external value has a statistically
negligible effect on CH4 and NHj emission rates (see the Supple-
mentary Materials). Band 1 contains CHy, as well as weak carbon
dioxide and water absorption features that are fixed by the fits from
bands 2 and 3, respectively. The CH4 model (HITRAN 2008) con-
tains 108 features with line strength (S) > 10722 cm™Y/(molecule x cm ™).
A cepstral-domain filter (lifter) (33) that mimics a high-pass filter in
the frequency domain removes comb baseline structure broader
than ~100 GHz for band 1. Band 2 contains both CO, and weak
H,O absorption. Thirty-six CO, features from HITRAN 2008 with
$>1072* cm™Y/(molecule x cm ™) are included in the fit model. The
H,O concentration is held fixed at its value retrieved from band 3.
A 40-GHz cepstral filter is used for band 2. Band 3 is fit to retrieve
both H,O and NHj; concentrations. Fits in band 3 must deal with a
large amount of spectral interference between species (Fig. 2D). In
all, 82 H,O features with § > 1072* cm™/(molecule x cm™) and 39
NH; features with § > 1072} cm™/(molecule x cm ™) are included in
the model for band 3. A 70-GHz cepstral filter is used for band 3.
The filters are chosen by examining the structure of the cepstral fit
residuals and are held constant for all analyses. Etalons are easily
filtered out in the cepstral domain by adding notches to the cepstral
filters to remove data points near the etalon appearance time (33).
Strong H,O absorption and overlapping weak CO, absorption are
also measured below 1490 nm but are not analyzed in this work due
to challenges associated with fitting deep absorption features. All
reported DCS and CRDS concentrations are the dry values with the
water concentration fixed to the value from each respective sensor.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/14/eabe9765/DC1

View/request a protocol for this paper from Bio-protocol.
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