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Abstract. We demonstrate a compact, open-path, quan-1 Introduction

tum cascade-laser-based atmospheric ammonia sensor op-

erating at 9.06 um for high-sensitivity, high temporal reso-

lution, ground-based measurements. Atmospheric ammoni&tmospheric ammonia (N, the third most abundant nitro-
(NH3) is a gas-phase precursor to fine particulate matter, witf9€n species and dominant atmospheric base, is an important
implications for air quality and climate change. Currently, Precursor to ammoniated fine particulate matter (Nowak et
NHs sensing challenges have led to a lack of widespreadfl-» 2007; Pinder et al., 2008). Total NHthe sum of gas-

in situ measurements. Our open-path sensor configuratioRhase NH and particulate ammonium (NH., is an increas-
minimizes sampling artifacts associated with Nsurface  ingly important component of the reactive nitrogen budget,
adsorption onto inlet tubing and reduced pressure samplinéj"ith implications for human and ecosystem health (Galloway
cells, as well as condensed-phase partitioning ambiguitiesSt al-, 2003; Pinder et al., 2008; Bobbink et al., 2010). Am-
Multi-harmonic wavelength modulation spectroscopy allows Moniated aerosols are a dominant component of inorganic
for selective and sensitive detection of atmospheric pressured€rosol mass in both clean and urban regions (Jimenez et
broadened absorption features. An in-line ethylene referencél-» 2009). Gas-phase Ntneasurements are crucial for un-
cell provides real-time calibration20 % accuracy) and nor- derstanding aerosol nucleation and new particle formation
malization for instrument drift under rapidly changing field (Ball etal., 1999; Hanson and Eisele, 2002; McMurry et al.,
conditions. The sensor has a sensitivity and noise-equivalerd005; Benson et al., 2011), which facilitate long-range trans-
limit (1o) of 0.15 ppbv NH at 10Hz, a mass of 5kg and POt of aerosol ammonium and nitrate (Nowak et al., 2007;
consumes~ 50 W of electrical power. The total uncertainty Pinder et al., 2008). Ammoniated sulfate aerosols also play
in NH3 measurements is 0.20 ppbv NH 10 %, based ona an important role in cirrus cloud nucleation (Tabazadeh and
spectroscopic calibration method. Field performance of thisToon, 1998; Wang et al., 2008), and aerosol—cloud interac-
open-path NH sensor is demonstrated, with 10 Hz time res- tions have significant yet highly uncertain radiative effects
olution and a large dynamic response for in situj\Hea- N climate (Adams et al., 2001; Martin et al., 2004; Solomon
surements. This sensor provides the capabilities for improvedt al., 2007).

in situ gas-phase Nfisensing relevant for emission source ~Anthropogenic NH emissions have more than doubled
characterization and flux measurements. since preindustrial times, largely due to agricultural livestock

and fertilizer emissions (Galloway et al., 2003; Battye et al.,
2003; Anderson et al., 2003; Aneja et al., 2008). Uncertain-
ties as large as 50 % exist in global Blldmission budgets

due to the spatial and temporal variability of emissions and
a lack of in situ measurements for emission inventory val-
idations (Battye et al., 2003; Clarisse et al., 2009). Recent
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comparisons between measured emissions and concentrdemonstrated laboratory performance of an open-path
tions with model inventories found significant discrepanciescavity-enhanced absorption spectrometer forsNbut the
(Heald et al., 2012; Nowak et al., 2012; Walker et al., 2012).detection limit was not sufficient for atmospheric mea-
Gas-phase Nglhas a short atmospheric lifetime of a few surements. Open-path remote systems employing Fourier
hours to a few days, which depends on ambient temperatransform infrared (FTIR) spectroscopy techniques have
ture, relative humidity and aerosol composition (Andersonbeen demonstrated for path-integrated fieldsNHeasure-
et al., 2003). High spatial and temporal resolution observa-ments, including agricultural flux measurements with sin-
tions are needed to fully characterize Nétynamics, includ- gle ppbv sensitivity (Griffith and Galle, 2000; Galle et
ing aerosol nucleation, gas-phase uptake onto particles anal., 2000). Open-path tunable diode laser absorption spec-
volatilization of particulate ammonium (Battye et al., 2003; troscopy (TDLAS) and differential optical absorption spec-
Nowak et al., 2007; Pinder et al., 2008). In situ Nkh- troscopy (DOAS) systems in remote measurement configu-
struments require high (sub-ppbv) sensitivity to measure lowrations have been used to measuresNith ppbv detection
atmospheric mole fractions (pptv—ppbv), fast response timdimits (Thoma et al., 2005; Volten et al., 2012). Mount et
and a large dynamic range to capture atmospheric variabilal. (2002) demonstrated open-path Nideasurements with
ity (von Bobrutzki et al., 2010). Ammonia sensors must alsoa mid-ultraviolet DOAS system and achieved 1 ppbv3aNH
account for gas-phase NhHsurface adsorption effects and sensitivity in 1s. The high time resolution (>1Hz) of this
condensed-phase partitioning due to changes in temperatuspproach illustrated the value of an open-path configuration.
and relative humidity between the sampling volume and am-However, all of these sensors require long paths rather than
bient atmosphere (Yokelson et al., 2003). compact sensor footprints. Currently, there are significant
To date, the NH measurement challenges have resultedhurdles for compact, open-path, laser-based sihsing, in-
in a variety of different approaches. Conventional offline cluding pressure-broadened absorption lineshapes sensitive
NH3 sensors (passive filters, denuders and ion chromatogto changes in environmental temperature and pressure and in-
raphy) often have sufficient sensitivity (<1 ppbv B)Hbut terferences from broad, overlapping absorption features from
have long integration times, lack the requisite selectivity andother atmospheric species.
are labor intensive to analyze (Fehsenfeld et al., 2002; von To address the limitations of closed-path techniques and
Bobrutzki et al., 2010; Ellis et al., 2011). Chemical ionization challenges for compact, open-path sensing, we demonstrate
mass spectrometry (CIMS) NHnstruments have high time the performance of a compact, open-path, high-sensitivity,
resolution (seconds), selectivity and extremely high sensitiv-QC-laser-based atmospheric plbensor. The sensor probes
ity (<100 pptv NH), but require large power consumption the fundamental mid-infrared Nf-absorption transitions us-
(kW) and space (multiple instrument racks) (Nowak et al.,ing a QC laser at 9.06 um. Multi-harmonic wavelength mod-
2007; Benson et al., 2010; Sintermann et al., 2011). Laser abdlation spectroscopy is used to isolate overlapping absorption
sorption spectrometers for gas-phasesNtdve been devel- features, and an in-line ethylene reference cell is used for on-
oped for real-time, high-sensitivity and selective detection.line calibration and normalization to account for sensor drift.
Near-infrared diode lasers have been used fog Nétection,  The system is relatively compact, low power 50 W), and
but their sensitivity is limited due to the Ntbvertone bands low mass ¢ 5kg), with a 10Hz time resolution and high
in the near infrared (Claps et al., 2001; Kosterev and Tittel,sensitivity (0.30 ppbv minimum detection limit at 10 Hz).
2004). The fast response time and dynamic range capabilities of the
More recently, advances in room temperature, distributed-open-path system are illustrated. In situ Nideasurements
feedback quantum cascade (QC) lasers have led to the devadf emission sources are highlighted.
opment of QC-laser-based NHensors using the strongest
NH3z absorption transitions located in the mid-infrared spec-
tral region (Manne et al., 2006; Whitehead et al., 2007;2 |nstrument design
McManus et al., 2008; Manne et al., 2009; Curl et al., 2010;
Ellis et al., 2010; Gong et al., 2011). Although these closed-2.1 Sensor setup
path systems are highly sensitive (ppbv or sub-ppbv), they
suffer from sampling artifacts that limit precision and re- The open-path, QC-laser-based NHensor is shown
sponse time and complicate calibration methods (Whiteheadchematically in Fig. 1. Overall, the open-path design is op-
et al., 2008; von Bobrutzki et al., 2010). In addition, thesetimized for field portability with a 100crx10cmx11cm
systems are large (usually >100kg) and require pumps andensor head and a 35cn83cmx15cm drive electron-
temperature control systems with high power consumptionics unit. The total sensor head mass is 5kg including ba-
(usually hundreds of watts). sic shielding (not shown in Fig. 1) to protect components
In contrast to these closed-path systems, nonintrusivén field conditions. The sensor uses a thermo-electrically
open-path designs address the sampling challenges and pr¢FE) cooled, continuous-wave, single-mode, 9.06 um quan-
vide fast response times (Zondlo et al., 2010; McDermitttum cascade laser (Alpes Lasers) in a high heat load
et al.,, 2011; Tao et al.,, 2012b). Peeters et al. (2000)package, which is detected by a three-stage, TE-cooled,

Atmos. Meas. Tech., 7, 8193, 2014 www.atmos-meas-tech.net/7/81/2014/



D. J. Miller et al.: Open-path, QCL-based ammonia sensor 83

higher ramp and modulation frequencies should improve sen-
sitivity by minimizing laser excess noise, the decrease in tun-
ing rate at higher frequencies, the broad spectral features

e probed, and practical QC laser tuning rate limitations pre-

,’ . TR QC Laser vent us from going to higher frequencies. The tuning rate
J ‘! ~ 2= Multi-pass Optical Cell “ : limitations allow us to achieve a modulation index-efl.4
gCdfe " _ g for NHz measurements, which is not at the most sensitive,

Détector =

optimal value of 2.2 (Reid and Labrie, 1981).
ST, cuascel The detector signal is acquired with a National Instru-
cmi‘ A 2 o ments data acquisition board (NI-USB 6251) and processed
] e in real time. The 50Hz raw signal is co-averaged to 2—
A 10 Hz, depending on the field conditions and signal-to-noise
ratio (SNR). Multi-harmonic wavelength modulation spec-
MCT

S N Detim, troscopy (WMS) detection is performed with a custom Lab-

Multi-pass Cell or] - > M .
Modulatcn s L VIEW software algorithm, eliminating the need for a bench-

usB 6251 top lock-in amplifier, as described in Tao et al. (2012b).
o The open-path configuration eliminates the need for large
pumps that require high power consumption, resulting in sig-
nificantly lower power consumptior{(50 W) than existing
Fig. 1. Open-path atmospheric NHsensor with drive electronics  closed-path NH sensors. The laptop computer power con-
(top) and sensor schematic (bottom). sumption (currently~ 50 W) can be reduced further with al-
ternative, lower-power single-board computers or embedded
systems. The system requires no cryogenic cooling, allowing
infrared HgCdTe photodetector (Judson Teledyne). Thefor autonomous field operation.
opto-mechanical design consists of the laser, collimating
lens, in-line ethylene reference cell, steering mirrors, multi-2.2  Spectroscopy
pass optical cell and detector. A Herriott multi-pass cell with
spherical mirrors (Herriott et al., 1964) is used to achieveThe strongest Nklabsorption transitions occur in the mid-
path lengths of 30—60 m in a 70 cm base path, depending omfrared spectral region near 10.3 um and are probed by other
the spot pattern implemented. The laser beam is directed intQC laser absorption spectrometers (McManus et al., 2008;
the optical cell consisting of two protected silver-coated, 3-Gong et al., 2011). However, this spectral region is not opti-
inch-diameter spherical mirrors, both with a 6 mm-diametermal for open-path detection, due to the carbon dioxide)CO
hole for laser beam entry and exit. We use a configuratiorand water vapor (kD) pressure-broadened absorption lines
with laser and detector components on opposite sides of théhat overlap with the Nglabsorption lines. The most optimal
optical cell for practical opto-mechanical component designabsorption feature for open-path NHetection is at 9.06 um,
considerations. The QC laser beam size is optimized witha region between the strong absorption bands @) Kelow
focusing mirrors to minimize clipping and distortion effects 8.9 um and absorption bands of g@nd G above 9.1 ym.
as the laser beam enters the input hole. A visible alignmen@The selected absorption feature~$50 % weaker than the
laser (HeNe) is used to image the optical spot pattern on thestronger NH features near 9.5 um, but the spectral clarity at
mirrors and couple the QC laser beam into the optical cell.9.06 um allows for higher sensitivity. Figure 2a shows spectra
Custom anti-reflection coatings (reflectivity <0.5 %) are ap- simulated using the High-resolution TRANsmission Molec-
plied to all transmissive optics, including laser and detectorular Absorption database (HITRAN) in the 9.06 um region
housing windows, to minimize signal baseline artifacts duefor 1 ppbv NH; and typical ambient mixing ratios of atmo-
to interference fringes that are unstable with ambient tem-spheric absorbers at 296 K and 1013.25 hPa for a 60 m op-
perature changes. tical path length. The NElabsorption feature at 9.06 um in
The QC laser is driven by a low-noise current driver Fig. 2a is a superposition of six overlapping absorption tran-
(Wavelength Electronics, QCL500) and thermally controlled sitions. This feature overlaps with the minimum of a neigh-
with a precise temperature controller (Wavelength Electron-boring H,O absorption feature, producing a direct absorp-
ics, HTC3000). The QC laser current is modulated with ation baseline. Owen et al. (2013) performed spectroscopic
sawtooth ramp (50 Hz) and higher-frequency (15 kHz) sinu-studies on relevant atmospheric absorbers in this region at
soidal modulation. The QC laser tuning range forf\Hea-  reduced pressure to characterize the interferences. For open-
surements is 0.52 cnt, based on the current tuning rate at path detection at ambient pressures, wavelength modulation
50 Hz ramp frequency. Tao et al. (2012a) demonstrated thaspectroscopy is a well-suited detection technique for spec-
for the QC laser used here, the current tuning rate decreasesal resolution of these weak, overlapping absorption features
with increasing ramp or modulation frequency. Although (Schiltetal., 2003; Zondlo et al., 2010). As shown in Fig. 2b,

www.atmos-meas-tech.net/7/81/2014/ Atmos. Meas. Tech., 7, 832014



84 D. J. Miller et al.: Open-path, QCL-based ammonia sensor

2.3 Ammonia mole fraction retrieval
107 e,
S L The ammonia mole fraction is retrieved with real-time spec-
tral fitting at 10 Hz. We simulate the direct absorption signal
s ==t recorded by the detector with multiple Voigt lineshape pro-
E10° : _23_' files for all relevant absorption transitions within the laser
% P scan range as follows:
© 2
i g — N D=yx-1(t)-exp(— Y (xiSLivi(T, P,v(1))), @
w 10'5 J HZO i
...... Total
where x is the detector collection efficiency;(r) is the
laser intensity functiony;, S; and L; are the number den-
. sity, absorption line strength and path length, respectively,
%403 11032 11034 11036 11038 1104 for different absorbing species and v; (T,P,u(t)) is the
4 Wavenumber [cm "] Voigt lineshape function for absorption featurea function
x10 of temperature, pressure and wavenumbgy. This signal
is multiplied by a reference signal at théh harmonic and
passed through a virtual lock-in amplifier based on a numer-
ical wavelength modulation spectroscopy model (Tao et al.,
—co, 2012b). A least-squares fitting routine is implemented to pro-
= 0 duce fitting coefficients for mole fraction, DC signal offset,
< C,?j, linear and second-order polynomial baselines. The second-
(b) B _504 order polynomial baseline fitting accounts for baseline ef-
g _NH32 fects, including detector nonlinearity, intensity modulation
H,0 and interference fringing. The spectroscopic parameters used
SN e Total in the fitting routine for the NH absorption lines of interest
5§ have been measured experimentally by Sun et al. (2013), and
_" generally agree to within 10 % of HITRAN. Ambient tem-
A s Toed TGE i Tigl perature and pressure are measured with a digital temperature
Wavenumber [em] sensor (HYT 271+0.2°C accuracy) and digital pressure

. . . _ . sensor (MS5803-01BA+0.5 hPa accuracy) at 1 Hz and up-
Fig. 2. (a) Direct absorption HITRAN simulation (Rothman et al., dated in real time for the fitting routine. An in-line ethylene
2009) calculated based on 60 m path length, 296K, 1013.25 hPaanghference cell is inserted into the optical path as explained
the following atmospheric mixing ratios: 400 ppmv €0 ppbv below.

O3, 1800ppbv CH, 5ppbv SG, 1ppbv NH; and 2% BHO; . . . N :
(b) second harmonic spectrum calculated with same species show- Watefr vatﬁor 2|rf1trNoduci3§ mlfltl_?:]e’ minor potentllja}l mtgfer
ing reduction of the water vapor baseline. Ozone and, @bl not ences for the &l retrieval. The average ambient

appear in the second harmonic spectrum as they are flat baselineXing ratio for a given region and time period of sensor field
The black dotted lines ita) and(b) denote the total absorption of deploymentis used for spectral fitting of the®labsorption
all species simulated. baseline and used to calculate absorption line widths to ac-

count for O broadening using the coefficients measured

by Owen et al. (2013). On short timescales, the variability of
second harmonic (2f) detection minimizes the water vaporambient BO vapor (a few hundred ppmv) has a negligible
absorption baseline and improves sensitivity and selectivity(< 0.5 %) impact on the 2f Ngiretrieval. For larger changes
(Reid and Labrie, 1981). Other atmospheric species such asf water vapor, the bO mixing ratio is updated in the spec-
CO,, Oz and SQ also absorb in this region below5x 10~° tral fit using routine meteorological data.
fractional absorption. We note that polluted conditions areil- The NH; and ethylene absorption features (centered at
lustrated in Fig. 2 (5 ppbv S£and 80 ppbv @) to represent  1103.46 cn! and 1103.36 cmt, respectively) are fit simul-
ambient conditions with possible interferences. However, thetaneously both in second (2f) and eighth (8f) harmonics. The
NH3 absorption at 9.06 um for 1 ppbv NHs greater than  multi-harmonic approach separates the overlapping, broad
five times the absorption of these species in this spectral reambient NH absorption feature from the narrower ethylene
gion. Overall, the only significant interfering species for 2f reference signal as demonstrated by Sun et al. (2013). Fig-
detection at 9.06 um is 4D, which is addressed in the fol- ure 3 shows representative 2f and 8f spectra along with fit-
lowing section. The @ absorption baseline begins to inter- ting results and residuals for a 19.0 ppbv ambientsidid-
fere significantly for NH mole fractions below 100 pptv. nal. The 2f signal has two extra troughs, indicated by arrows,

due to the ethylene absorption overlapped with the ambient
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based on a direct absorption fitting using these calibrated
HITRAN parameters. The absolute accuracy of this of-
fline calibration method+£10 %) is comparable to current
high-sensitivity, state-of-the-art NHsensors. For example,
the pulsed QC-laser-based lkhstrument demonstrated by
McManus et al. (2008) has a typical concentration uncer-
tainty of 520 %. Nowak et al. (2007) found uncertainties in
o CIMS NHsz measurements to be25-30 % during field op-
LI R B WO N N eration. Sintermann et al. (2011) found calibration accuracy
of ~59% for a CIMS NH instrument.

Fig. 3. Ammonia 2f (left) and ethylene 8f (right) spectrarecorded at  In addition to calibration, the in-line ethylene reference
10 Hz with real-time fitting results (dotted lines) and residuals. The signal is especially advantageous as it provides normalization
2f NHg signal was recorded for ambient laboratory conditions of for sources of instrument drift. Normalization for sensor drift
19.0 ppbv NH. The two arrows in the 2f plot denote the locations s essential for open-path systems exposed directly to chang-
of the two extra troughs due to the ethylene reference signal. ing environmental conditions, which lead to undesirable or

unknown opto-mechanical and electronic responses such as
NH3 signal. The eighth harmonic (8f) is used for ethylene optical interference fringes, electrical component drift, laser
reference signal detection to achieve optimal separation beand detector instabilities and light attenuation due to precip-
tween ambient Ngl and ethylene reference signals. The 8f itation. In addition, the sharp peaks and troughs of the 8f
signal isolates the relatively narrow, reduced pressure ethysignal are used for line-locking via laser current adjustment
lene reference signal, with negligible influence from ambi- to account for thermal drifts of the laser wavelength. This
ent NHz absorption at 8f. We do not use harmonic ordersimproves the drift during a typicat 10°C diurnal ambient
higher than 8f due to limits of signal-to-noise ratio, since thetemperature cycle from 0.04 cthto <0.005cnml.
signal intensity decreases as harmonic order increases. The
even harmonic orders are advantageous since the maximum
of the WMS function occurs at the spectral line center, which3  Instrument performance
is useful for line-locking procedures.

2f Signal [V]
o
>

-0.005

-0.01
001

[ S Ny
2f residual

3.1 Calibration
2.4 Calibration methods

We perform absolute calibration offline using direct absorp-
We implement an online spectroscopic calibration methodtion spectroscopy as a reference method to measure NH
using ethylene, which exhibits negligible adsorption arti- mole fraction independent of our WMS NHetrieval based
facts compared with Nl We do not use an Niirefer- on 2f detection. The open-path optical cell is enclosed in a
ence calibration cell due to adsorption artifacts associategholyethylene calibration tube, into which a flow of 25 ppmv
with changes in cell temperature and pressure. In additionNH3 in N> is introduced. This 25 ppmv NHstandard mix-
when ambient and reference absorption features of the samag ratio is decreased incrementally by dilution with dry air
species are overlapping, separating changes in mole fractioand each calibration point is recorded in both 2f and direct
from changes in the reference signal becomes difficult. Theabsorption as shown in Fig. 4. The horizontal axis is thegNH
in-line ethylene reference cell contains 1.5 % ethylene in ni-standard mole fraction derived from direct absorption mea-
trogen at 50 hPa total pressure in a 3 cm length. The ethylensurements. The vertical axis displays the retrieved Ntdle
mixing ratio was chosen to be comparable to\ignals at  fraction based on 2f spectral fitting with the online spectro-
ppbv levels. Spectroscopic parameters of bothyldkd ethy-  scopic calibration method described in Sect. 2.3. We note
lene absorption features have been measured and compar#tht the calibration is performed at mole fractions much less
with the HITRAN database to evaluate the calibration accu-than that of the original 25 ppmv Nfstandard. Therefore,
racy. Sun et al. (2013) has demonstrated this ethylene signale use HITRAN parameters appropriate for Nid dry air.
can serve as a reference of phhole fraction in real time, The mole fraction retrieval is derived from nonlinear Voigt
with an overall calibration accuracy of +20 %. lineshape fitting of the direct absorption spectra along with

We also perform offline absolute calibration using NH measured ambient temperature and pressure, and assumes

direct absorption measurements. Prior verification of paththe mole fraction is linearly proportional to the fractional ab-
length was performed and uncertainties in the HITRAN pa-sorption for typical (ppbv) atmospheric NHnole fractions.
rameters for these NHabsorption lines were previously However, the retrieved mole fraction does not scale linearly
characterized (Sun et al., 2013). Owen et al. (2013) alsawvith the standard mole fraction due to strong absorption non-
studied these absorption transitions and reported lineshaplénearity at mole fractions >100 ppbv NHTherefore, we
parameter uncertainties of <10%. The standarc; Ntbdle  fit a third-order polynomial to calibrate the retrieved mole
fractions for calibration of our WMS retrieval are calculated fraction as shown in Fig. 4. The linearity of retrieved mole
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tions below 120 ppbv NEL Error bars for each calibration point Fig. 5. Allan deviation plot of 14.6 ppbv Ngiand the associated
are+10 % for each measurement method (direct absorption and 2fjme series data recorded at 10 Hz over the course of 5.5 h.

retrieval).

3.2 Precision

fraction is shown in the inset plot of Fig. 4 for mole fractions To investigate precision and stability of the open-pathsNH
below ~ 120 ppbv NH. In this regime, we can assume ab- sensor, Allan deviation analyses (Werle et al., 1993) are per-
sorption is linear with number concentration (and mole frac-formed on NH and ethylene reference signal time series. We
tion assuming constant temperature and pressure) based aompare the drift characteristics of the ambient and reference
the Beer—Lambert law weak absorption limit. A linear best- signals to determine the optimal integration time for normal-
fit line in this range yieldR? = 0.99, in agreement with the ization by the ethylene reference signal. For this analysis, we
weak absorption limit. The surface adsorption and partition-normalize both NH and ethylene retrievals by the 1f DC
ing artifacts associated with Nftalibrations present unique value to account for changes in light intensity on the detec-
challenges which limit accuracy, especially for low ambi- tor. The NH; mole fraction and air temperature are variable
ent mole fractions. Our accuracy is constrained by the undin the laboratory during the recorded time series, whereas the
certainty in the HITRAN parameters for the Nidbsorption  ethylene mixing ratio in the reference cell is essentially con-
features, which is estimated to bel0% (Sun et al., 2013).  stant.

Calibration of the zero Nklbaseline offset is also impor- Figure 5 shows the Allan deviation plot for NhHneasure-
tant when retrieving Ngl mole fractions near the detection ments, with a mean mixing ratio of 14.6 ppbv dlkecorded
limit. The zero calibration point is obtained by flushing the in the laboratory at 10 Hz time resolution. The precision is
calibration tube with dry air and coating the calibration tube ~ 1 %, or 0.15 ppbv NH, at 10 Hz. The precision is similar
surfaces with a concentrated 20 wt%) citric acid solution  at 1 Hz integration time. The minimum precisiormisl5 pptv
to minimize NH; desorption effects. We note that true zero NH3 for an integration time of- 200s, beyond which drift
NH3 conditions are very difficult to achieve for any NH dominates the Allan deviation. The 10 Hz precision is main-
instrument, due to surface adsorption and partitioning arti-tained out to timescales greater than 1 h. We note that while
facts as well as residual NHound in dry air. We perform  the 2f NH; signal is fit in real time at 10 Hz, the data ac-
zero calibrations prior to, during, and following field deploy- quisition is synchronized by the 1 Hz GPS pulse-per-second
ments, along with the full calibration procedure described insignal and the current linelocking scheme also at 1 Hz, which
Sect. 2.4. Based on these zero calibrations, our absolute umesults in a transition from 100 % to an effective 10 % duty
certainty in the zero calibration is 0.20 ppbv dlHt isimpor- ~ cycle from 0.1 s to 1 s integration time. We also note that the
tant to note that each time zero calibration is performed, thereorresponding offset is consistent with/40 decrease in Al-
is additional uncertainty due to differences in the amountlan deviation resulting from a 10 % duty cycle (Werle et al.,
of residual NH in the calibration tube. Thus, 0.20 ppbv is 1993) at 1 Hz and longer timescales.
an upper limit to our estimate of the zero calibration un- The Allan deviation plot for the ethylene reference signal
certainty. This metric defines an absolute accuracy at lowecorded at 1 Hz time resolution is shown in Fig. 6. Ethylene
NHz mole fractions, due to uncertainty in the zero calibra- signals are co-averaged to 1 Hz time resolution to improve
tion point. Thus, the total estimated uncertainty is 0.20 ppbvthe signal-to-noise ratio at the higher (8f) harmonics. The
NH3 £+ 10 %. precision of the ethylene signalis1 % at 1 Hz, comparable
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ative Allan deviation). Ethylene is recorded at 1 Hz time resolution.

to that for NHs. The precision improves as integration time COz absorption lines is- 20 % of the 1 ppbv Nisignal (see
increases, but interference fringing at the higher harmonics>€Ct: 2.2), which is smaller than the baseline spectral noise
(8f) and laser thermal drift limit this improvement for inte- (™26 %). We note that this estimate is derived from only one
gration times >100s. The minimum of the Nillan devi- spectrum and may not be representative of the temporal vari-
ation in Fig. 6 occurs at an integration time-e200s. Thus, ~ ability of the background noise, which is expected to be dom-
a 200 integration time is optimal for normalization by the inated by optical interference fringing and electronic noise.
ethylene reference signal to account for drift in the - Background concentrations are difficult to determine for
nal. Note that the data in Figs. 5 and 6 show driftaf % or ~ NHs in an open-path configuration, in large part due to the
less at 3000 s integration time, which is much lower than theN€ed to enclose the sensor, leading to adsorption and des-
overall accuracy£10%). In this case, the in-line ethylene orption effects with typlcal laboratory mole fractions greater
reference signal is of marginal value under relatively constanfhan 10 ppbv NH. To achieve a zero Nibackground signal
laboratory conditions. However, the in-line ethylene signal and examine the time series characteristics of the noise and
is an important method to account for much larger SyStemspectral fitting, we conducted additional_ expgriments inside
drifts expected under rapidly changing field conditions and@ pressure-regulated chamber. The calibration tube and the

over longer timescales (days). entire sensor head were placed inside a larger chamber with
its inside walls coated with the citric acid solution. The larger
3.3  Minimum detection limit chamber was pumped to a reduced pressure of 100 hPa. Even

though the sensor was at 100 hPa, we maintained the same

The minimum detection limit of the Nfisensor was deter- modulation amplitude as at ambient pressures. The absorp-
mined by the measuring&of the background zero ammonia tion features of NH and other relevant species are therefore
signal time series. The short-term noise is expected to be thevermodulated (effective modulation index >5 for it
limiting factor for the minimum detection limit, as the Allan 100 hPa), effectively broadening and decreasing the 2f signal
deviation plot shown in Fig. 5 indicates precision better thanheight by 67 % compared to ambient pressures. The over-
the 10 Hz precision on long timescales. modulated 2f NH signal is used to calculate the background

We analyze the spectral fitting at 1 ppbv BiMole fraction ~ noise, since it minimizes the influences of residualsNi
with baseline subtraction to estimate the spectral noise levelghe 2f signal. We also verified that there was negligible resid-
Figure 7a shows a 1.0 ppbv NKignal with spectral fiting  ual NHz in the chamber by switching to lower modulation
and residuals. Figure 7b illustrates the base functions for themplitude appropriate for 100 hPa. Figure 8 shows the 2f
full spectral fit in Fig. 7a, with contributions from Nilethy-  spectrum recorded at 100 hPa under these conditions, which
lene and the polynomial baseline. Based on the height of thés effectively representative of etalon and electrical noise. It
baseline-subtracted 2f Nfsignal and the residuals of the is assumed here that etalons, determined by the free spec-
fit to this baseline-subtracted signal, the SNR for this speciral range of various transmissive optics, are not affected
trum is ~ 7.6, corresponding to a spectral noise levet)(2 by pressure changes since the whole sensing system is en-
of 0.26 ppbv NH at 1 Hz. The interference due tos@nd closed inside the chamber. We fit the background signals to
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Fig. 8. Second harmonic spectrum at reduced pressure (100 hP

a?ecreases by two orders of magnitude to background levels
with zero NH; signal recorded at 10 Hz time resolution.

~ 10 ppbv NH) within 2 s following the ppmv maximum
as the sensor left the farm and was no longer sampling the
emission plume. This demonstrates the fast response time of

. . . . the open-path sensor for two-order-of-magnitude changes in
the ambient pressure lineshape function to examine how th pen-p 9 g

i . : ixing ratio in a very short (2 s) time period.
spectral fit to the bapkground (Wh'Ch should ngm_mally. be We also demonstrate the time response for smaller mix-
zero) changes over time. The noise-equivalent limit, defined

. . L ing ratio enhancements. Figure 10 shows a time series of
as b of the background signal time series, is 0.15 ppbwNH . ) .
at 10 Hz and the minimum detection limit{2is 0.30 ppbv mobile measurements on the highway recorded at 2 Hz time

NH3z at 10 Hz. This detection limit is also consistent with the r?csl?althtr:fl}]i.cT:r(ra\rigs?gral;V\:)onet?]za?]ic;hrcvir;/tss(?rsfrzegr:tuzp:i(lj«\a/e-
mgasuremer]t precis_ion shown in Sect. 3.2 and the spectr% 15:45:40 local time, the sensor rec&)rded an increase of
noise analysis described above. 10 ppbv NH; (13.0 to 23.0 ppbv) in 1 s. For the second max-

We note that other potential methods to achieve baCk'imum at 15:49:30 local time, the decrease in mixing ratio

ground measurements have limitations fqr our system. On(?rom 16.0 to 10.0 ppbv following the transient spike is also
approach would be tuning the laser to a different wavelength

region. However, the OC laser used here has a limited tun[ecorded inls. These measuremgnts dgmonstrate similar fast
ing raﬁge and th’is method will produce a different baseline ©oPon>® for a lower range of.mlxmg ratios. .
due to changes in laser optical power, detector response anq Ammonia surface ad'sorptpn. and desorpﬂop effects in
) — o ' . closed-path sensors typically limit the response time (for sev-
interference fringing. In addition, there are other absorblngeral hundred ppbv Niichanges) to a few seconds, result-
species (e.g., }O, COy, O3, SOy) that will contribute to the ’

: ) . . ing in attenuation of high-frequency concentration fluctua-
spectroscopic baseline on either side of thesSplectral fea- tions (Yokelson et al., 2003: Nowak et al., 2007; McManus

ture of interest. et al., 2008; Whitehead et al., 2008; Ellis et al., 2010; Gong
et al., 2011). The time response of closed-path sensors is
often defined by the initial time constant for gas exchange

) and the slower surface adsorption time constant (e.6.4s
We demonstrate the dynamic response of the open-path CORng~ 1535, respectively, for a QC-TDLAS instrument) (Ellis

figuration. Figure 9 shows the time series of Niixing ra- ot 41 ' 2010). For long-term stationary monitoring applica-

tios measured in the field on a mobile vehicular platform attions. this time response is sufficient since data are aver-
a dairy farm over the course of 3min at SHz time resolu- 404 to minutes or longer timescales. However, for mobile
fuon. _D_urmg t_h|5 time series, an order-of-magnitude de_Creas‘f)latform measurements of transient emissions with order-of-
in mixing ratio from~ 2.0 ppmv Nk to 200ppbv NH is 5 0nityde changes in mixing ratios, as well as eddy covari-

observed within 1s. The inset plot of Fig. 9 shows & 55 por-ypce fiux measurements, a time response of at least 1 Hz, as
tion of this time series on a logarithmicscale to emphasize 4o monstrated for this open-path sensor, is critical.
the two-order-of-magnitude change in mixing ratio. During

this time period, the sensor records an increase o200
to ~900 ppbv NH in 1 s followed by a decrease in mixing
ratio (~ 900 to~ 200 ppbv NH) in 0.8s. The mixing ratio

3.4 Open-path time response
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4 Field measurements

The open-path NEIsensor has been field deployed in a wide 0 655 16:56 16:57

range of environments with autonomous operation on daily Time (EST) [h:mm]

timescales. These include hot, dusty, and dry conditions in

the San Joaquin Valley, California; > 4G ambient tempera- Fig. 11. (a) Time series of NH measurements at_an animel farm

tures and high humidity (mid-2aC dew points) in Princeton, in central New Jerse)(b) onjroad measurements |n_the Pnnceto_n,

New Jersey; and cold, rain and dew conditions in Baltimore}\rls:/nvig]siilyezrea, with transient spikes correlated with CO emissions

and Beltsville, Maryland (Miller et al., 2012). The sensor has '

also operated on a mobile, battery-powered vehicular plat-

form for >7000 km, in which ambient air flows across the yehicle NH; emission measurements, with maximum mixing

optical cell region as the vehicle moves and the sensor platratios of~ 60—120 ppbv NH, depending on vehicle type and

form is exposed to vibrations. These field deployments led togriving conditions. The enhancements in Nhiixing ratio

improvements in the opto-mechanical design to address temig. 11b) correlate with on-road CO measurements. These

perature cycling effects on the alignment, laser thermal statime series demonstrate the open-pathsNidnsor is capa-

bility and detector temperature control (Miller et al., 2012). pje of performing high time resolution field measurements to

The optical cell structure and mirror mounting were custom capture various emission sources.

designed with carbon fiber rods to minimize temperature cy- The field measurements of NHnd the nonadsorbing gas

cling effects. CO shown in Fig. 11billustrate that there is no delay between
We performed high time resolution (5 Hz) open-pathdNH  the spikes of these two species, which occur on timescales of

mobile measurements on the road and at a local animal farmeconds, due to vehicle exhaust emissions. Other field mea-

(pigs, turkeys) in central New Jersey to measure vehiculaurements performed in tunnels (not shown here) indicate

and agricultural emissions. All field \f-fmeasurements are that open-path measurements of nonadsorbing gases, such as

corrected for water vapor dilution and expressed as mixin%oZ, can serve as an indicator of true mixing ratio decay

ratios in dry air. Simultaneous measurements of a vehicleat the tunnel exit. Our open-path NHneasurements show

emission tracer carbon monoxide (CO) by a separate QCno delay compared with GOn this case. This further sup-

laser-based sensor (Tao et al., 2012b) were used to iderports our conclusion that the surface adsorption time con-

tify these emission sources. Figure 11a shows the time sestant for our open-path Nffneasurement is significantly re-

ries of NHg measurements at the animal farm. High mix- duced at these measurement timescales compared with pre-

ing ratios above 1 ppmv Niare observed and do not cor- vijous closed-path sensors.

relate with CO, which remained at near background mix-

ing ratio at the animal farm. Figure 11b illustrates on-road
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5 Discussion 6 Summary

We present the instrument performance of a compact, low-

The NH; sensor noise-equivalent limit corresponds to a frac-power, field-deployable, open-path Nidensor. The system
tional absorption of~ 3 x 10~°, comparable (within a fac- uses a QC laser at 9.06 um, multi-pass Herriott cell, multi-
tor of 3) with typical, field-deployable laser-based systemsharmonic wavelength modulation spectroscopy and an in-
(Tittel et al., 2003). The detection limit and precision are line ethylene reference cell. No cryogens are required due to
limited by electrical noise and optical interference fringing, a the capabilities of TE-cooled, continuous-wave, distributed-
dominant noise source in many laser absorption spectroscopigedback QC lasers and HgCdTe photodetectors. Our open-
systems (Dharamsi et al., 1998; Werle, 2011). The dominanpath NH; sensor has the requisite capabilities for ground-
electrical noise sources are the power supplies used for thbased atmospheric measurements, with a precision and
detector preamplifier and laser current driver. The dominantnoise-equivalent limit of 0.15 ppbv NHat 10 Hz and total
interference fringes in our system are due to the back reaccuracy of 0.20 ppbv NgH=-10%. The sensor is capable
flections from transmissive optics (laser collimating lens andof measuring a large dynamic range of jhhixing ratios
zinc selenide windows for laser, detector and reference celflue to in situ emission sources. The fast (10 Hz) time resolu-
packages) and QC laser beam quality for the multi-pass option of the open-path system can be used to capture transient
tical cell. Our current efforts focus on improving beam qual- NHz sources with a short surface adsorption time constant.
ity of the QC laser high heat load packages and optimizingThis is demonstrated by comparing the open-patfs Néh-
transmissive optics with custom anti-reflective coatings. Wesor response with the simultaneous time response of collo-
note that the ultimate detection sensitivity is also constrainedcated sensors measuring nonadsorbing species.
by other uncertainties, including the ability to isolate spec- It is important to note that surface sampling artifacts in
tral interferences from C£and G absorption features near closed-path sensors are typically reduced by minimizing inlet
9.06 um when approaching the 100 pptv range. length, optimizing inlet coatings, inlet heating and maintain-

The 2f signal baseline also affects calibration and zero off-ing high flow rates through small sampling volumes or other
set measurements. This baseline is due to a combination afpecial sampling systems (Whitehead et al., 2008; Bianchi et
detector nonlinearity, intensity modulation and optical fring- al., 2012). Some of these measures increase power demands
ing. Further investigations on the long-term stability of this and limit portability for a variety of field platforms. In con-
baseline under field conditions will be necessary to characirast, our open-path approach is advantageous in that it has
terize the variability of the zero calibration and ultimately minimal sampling artifacts and does not require pumps or
improve uncertainties at low mole fractions. This uncertainty heaters, allowing for a lower-power, portable design.
is currently the most significant limitation for our open-  The compact, low-power design provides unique capabil-
path NH; sensor. Signal baseline variability due to temper- ities for stationary sensing and mobile platform spatial map-
ature changes is of particular concern for open-path systemging of NHz mixing ratios. In addition, the open-path sensor
where the temperature cannot be controlled due to direct exprecision, stability and time resolution (10 Hz) make it suit-
posure of optical components and power limitations on fieldable for future eddy covariance NHlux measurements. Fu-
platforms. ture investigations will focus on long-term intercomparisons

The laser tuning capabilities also limit the desired sensitiv-with existing commercial, atmospheric NHsensors and
ity for open-path detection of the broad NHbsorption fea- demonstration of open-path eddy covariancesNlkx mea-
ture. The optimal modulation index for 2f detectiom £ 2.2 surements. Future measurement applications for this open-
as shown by Reid and Labrie, 1981) cannot be reached witpath sensor include N&emission measurements in agricul-
the current QC laser used in our system due to limited curtural and urban regions to validate emission inventories.
rent tuning range, which decreases with increasing modula-
tion frequency (Tao et al., 2012a). We can only achieve a
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