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Nitric Acid and Nitrogen Dioxide Flux Measurements:
a New Application of Tunable Diode Laser Absorption Spectroscopy

Cassandra Volpe Hofti Mark S. Zahnis&r David D. Nelsof J. Barry McManu$ Steven C. Wofsy
®Harvard University, 20 Oxford Street, Cambridge, MA 02138

Aerodyne Research, Inc., 45 Manning Road, Billerica, MA 01821

ABSTRACT

A dual tunable diode laser absorption spectrometer (TDLAS) for continuous field measurement of nitric acid and nitrogen
dioxide eddy covariance fluxes is described and preliminary field results are presented. The dual TDLAS simultaneously
measures nitric acid (HN{pand nitrogen dioxide (NP by direct absorption spectroscopy over a long path enclosed in an
astigmatic Herriott multipass cell. The technique provides sufficient precision and time response (200 ppt RMS in 1 second)
needed to record ambient variations and deposition rates by the eddy-covariance method. Real-time fitting of the integrated
spectra over multiple absorption features makes the system appropriate for continuous field measurements while retaining the
highly selective quality of direct absorption measurements and minimizing potential interferences. This method also
produces an absolute, spectroscopic determination of concentration within the multipass cell, eliminating the need for
calibrated gas mixtures in the field.

A field intercomparison of HNQmeasurements was carried out in the fall of 1996 in Boulder, CO. The TDLAS prototype
performed well under a wide variety of conditions within its noise limits as compared N®#A& Aeronomy Laboratory

Chemical lonization Mass Spectrometer (CIMS). This first intercomparison demonstrated the accuracy and adaptability of
the technique to unattended field operations, although instrumental baseline drift in the prototype was exaggerated by a lack
of active temperature control on the optical elements. Since 1996, the new dual TDLAS has been constructed with particular
attention to temperature stability and has demonstrated a marked improvement in both short and long-term noise.
Preliminary results are presented, along with plans for the extended deployment at the Harvard Forest long-term ecological
research site in central Massachusetts.

Keywords: nitric acid (HNQ), nitrogen dioxide (Ng), eddy covariance flux, tunable diode laser absorption spectroscopy

1. INTRODUCTION

Nitrogen oxides play an important role in determining the photochemistry of the troposphere by controlling the formation of
tropospheric ozone, affecting the concentration of the hydroxyl radical, and contributing to acid precipitilinit acid is

often the most abundant of the nitrogen oxide species and provides the dominant sink ttorodigh surface deposition.
Nitrogen dioxide is one of the most important reactive nitrogen species since its photolysis is the primary source of ozone in
the troposphere. The rate for photochemical production of ozone depends on the presence of nitrogen pxidé®, NO

NO,. Total reactive oxidized nitrogen, NQOs the effective atmospheric reservoir for Nebd is frequently dominated by

HNO; in the rural boundary lay&t®. Conversion of NQradicals to HN@ and subsequent deposition is thought to be an
important loss process for reactive nitrogen and an important sink foradii@als, which participate in the oxidation of
hydrocarbons to form ozoh&

Recent improvements in instrumental methods for detecting;Hi@ NQ allow ambient measurements with sufficient

time resolution for direct measurement of deposition fluxes. Observations of concentrations and deposition rates for the most
important radical (Ng and non-radical (HN§) components of tropospheric reactive nitrogen will provide new information

on the mechanisms and rates for removal of nitrogen oxides during transit from source regions. Present analyses indicate tha
HNO; should be the major depositing species and that heterogeneous processes form a significant fractigh oFHéNO

" Correspondence: Email: cvh@io.harvard.edu; Telephone: 617-495-5361; Fax: 617-495-2768
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deployment of the dual TDLAS will provide the first experimental checks on these hypotheses. In addition, NO
measurements will allow us to assess claims that direct deposition,ahdiObe significant compared to Hi@eposition

in the atmospheric boundary layer N@ldge{. The Harvard Forest deployment presents the first opportunity to implement a
continuous, year-round study of the speciation of reactive nitrogen in the boundary layer at a northern mid-latituce, rural sit
Seasonal effects, interannual variability, and other potentially important changes impacting production of ozone will thus be
investigated in the kind of detail that only such a well-equipped and continuously-operated site, with extensive ancillary
measurements, can provide.

Since 1990, the Harvard Forest facility has conducted continuous, year-round measuremgmEofN@, NG, and the

dry deposition fluxes (by eddy correlation) of N&hd Q, along with non-methane hydrocarbons (C2-C6) and a wide variety

of tracers of anthropogenic pollution such as CO,;,@BCs, and Sf- Measurements of peroxyacetyl nitrate (PAN), another

key species in the NGamily, are beginning in concert with the deployment of the TDLAS kili@ NQ instrument. The

long-term measurements at the site have characterized the atmospheric chemistry, indicating 20-30% very clean backgrounc
air and comparable occurrence of significant pollution, and have established CQHandsQuantitative indicators of

pollutigr; influence. Issues of local and regional transport pertaining to the photochemistry of ozone have been extensively
studied”.

2. EXPERIMENTAL METHODS
2.1. Dual TDLAS instrument

Although a number of techniques exist for making separate measurements of ambiegrndNNG, the TDLAS method is

best suited for making both measurements at a long-term, unattended field site. Unlike the filter pack and mist chamber
methods which are capable of determining HNOncentrations at rates of minutes to hours, the TDLAS has the fast time
response (1 s) and high data rate (1 Hz or higher) needed for flux measurements above a for&st chepghemical

lonization Mass Spectrometer (CIMS) technique has both the sensitivity and time resolution necessary to perform eddy
covariance flux measurements of HNE?#3 this technique shows great promise for resolving many of the reactive nitrogen
partitioning questions in the upper troposphere via aircraft measuréhigtts Typical CIMS calibration methods involve

use of a permeation device to relate the number of counts to the actual concentration, but this approach does not provide &
reliably stable standard. The TDLAS method, which determines absolute concentrations based on tabulated spectroscopic
parameters, is preferable for long

term monitoring at the Harvard

Forest site. TDLAS instruments are T=37°C

also routinely — employed for PY TP x ............................................................

measurement of eddy covariance : Astigmatic Herriott Multipass Cell :

fluxes"’. Early  TDLAS : 238 Passes, Path Length = 210 m :

measurements of HNOand NQ : PUVP ’ INLET

were limited by a large-volume (28 < [7— —-\<

L) cell, slower time response, I = x j 20 torr

inability to subtract background : L—

spectra, and low computational duty ~ : grmemmsnemmermnnnnnn

cycle’®. The current dual TDLAS :

represents a new generation of gi D‘

instruments using this technique

where these problems have beet oonverer

largely eliminatetf. Deta Analysis
Acquisition Line Fitting
Software Software

Figure 1 shows the schematic layout

of the dual-channel HNQand NQ

infrared  spectrometer. The Cﬂ

instrument consists of two main Module

modules: the measurement

apparatus, including the diode
lasers, optics, detectors, and reduce

. Figure 1. Schematic of the dual-channel TDLAS instrument.
pressure multi-pass cell; and an
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electronics rack containing two Pentium computers running control and data acquisition software, and a two-channel laser
temperature and current control unit (Laser Analytics, Inc.). The measurement apparatus is constructed on a two by four-foot
aluminum optical table, surrounded by an aluminum shell, foam insulation, and a weatherproof polyethylene case. The
aluminum shell and optical table form a conductive enclosure to which thin film Minco heaters are attached, allowing the
temperature inside to be closely controlled. Based on an aircrafin€@ument designed by B. Daube at Hartrthis

design minimizes thermal gradients on the optical table which cause optical fringes to drift, adding noise and uncertainty to
the measurements.

The dual TDLAS employs separate lead-salt diode lasers to produce distinct beams of two different frequencies
corresponding to absorption lines for HN&hd NQ near 1720 ciand 1600 ci respectively. The diodes are operated

close to threshold under single-mode conditions. A single liquid nitrogen dewar houses the two diodes along with the
HgCdTe phatvoltaic detectors for both the multi-pass cell sample beams and the reference cell beams.

The astigmatic Herriott absorption cell, developed at Aerodyne Research, Inc. (ARI), provides a long path length of 200 m or
more in a volume of 5 litets The small volume of the cell insures a fast time response in the absence of wall effects. The
sample gas is brought from atmospheric pressure to 20 torr across the inlet orifice in order to reduce the pressure broadening
of the absorption lines, increasing the distinctive nature of the absorbing species’ spectral signature. The inlebiSBeated t

C and designed so that the sample encounters only quartz or Pyrex that has been treated with a hydrophobic fluorinated silant
coating in order to minimize surface interactions for “sticky” gases such as.HN@s coating has greatly improved the

time response of the instrument to HN@mpared to uncoated Pyrex surfaces.

For a particular set of multi-pass cell dimensions, with fixed mirror radii of curvature and base length, there are distinct
configurations of distance between and rotation of the mirrors for which the beam path exactly closes on itself and exits the
cell through the coupling hole by which it entered. Within the range of an indexed adjustment fixture, the cell can be easily
configured for a number of passes between approximately 100 and 350 by altering the mirror spacing and rotating the mirror
axes. In practice, the longest possible pathlength with sufficient light transmission for optimal detection is selected. The
instrument uses narrow-band dielectric mirror coatings with a reflectivity of 99.6% in the infrared. These mirrors provide
sufficient transmission for 238 passes; with a base length of 88 cm, the total path length is 210 m in a volume oftieliters. T
pathlength is confirmed in the lab by observing the IR absorption,©f i both the 1600 and 1700 ¢rmegions from

standard additions into the multipass cell.

Once aligned, the multi-pass cell is quite
insensitive to the aiming of the input beam. |

This allows two orthogonal beams to be ®De,.* " .. R S .
multiplexed into the same cell, so that the o« ) . .' ?. o™ . ')." .’

o [
separate patterns propagate through the cell g o > ® ® ‘. 9 e . ‘e .l.
with minimal interference. Two individual & 4 e ® @ ® ‘ ) -
output beams emerge and are subsequently s @ ’ @ . Py e ®, ¢ ..

transmitted to separate detectors. In practice, ® & . r e ® « o o c *®
a small amount of light from one beam is ¥ ! ‘& e 3 s ® .
observed to scatter into the path of the second‘ fo ¥ ne L...' A 8P o o .,"r .£

beam, but the intensity contributed by this

light is 1% or less of the total observed

intensity. The two diodes are modulated

asynchronously so that the small cross-talk Figure 2. Calculated mirror beam spots for two patterns, each with 182 passes
from the cell contributes only a negligible propagating in an astigmatic Herriott ceII._ The two different wavelengths are
amount of random noise to the measurement.Shown as different shades, and spot diameters are largest for the earliest

Figure 2 depicts a simulation of the beam reflections.
reflections on the cell mirrors.

The TDLAS measures absorption spectra directly using rapid scan sweep integration, eliminating the need for second
harmonic detection. Information on the unabsorbed laser power is retained, allowing direct, spectroscopic determination of
concentration using predetermined line strengths, positions, and broadening coefficients. The result is an absolute
measurement of the concentration of the trace gas. This spectroscopically derived concentration is routinely confirmed in the
lab using calibrated HNQOpermeation tubes and additions of N€andards. The instrument does not require routine
standard additions in the field.
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The control module sweeps the curren
applied to the diodes in order to vary the
wavelength over a number of absorptior 1.00000 kAR T
lines, typically 0.2 ci, and acquire a

distinctive “fingerprint” for the trace gas.

Compared to monitoring at a single
absorbing wavelength, this approach make
the retrieved concentrations less susceptib
to potential interferences from other specie
absorbing in the same spectral region, & 0.99998
well as those of weak interference fringes

inherent to the optical system. Fingerprini

0.99999

Transmission

\J .

fits are performed with an iterative 0.99997 - Y=—17224cm

nonlinear least squares minimization , , , , , , ,
routine which computes the Voigt profile 20 40 60 80 100 120 140
for each line in the spectrum using the DATA CHANNEL

. Figure 3. HNQ@ spectrum, 1722.3 chto 1722.5 crit, 295 m path length,
HITRA'\: 22 ::pectral t datagase “n? acquired during a field intercomparison in October 1996. 6 hours worth of 40-
parameters, temperature, and pressuré In gqqqnq spectra have been co-averaged and ratioed against an averaged

the cell. Figure 3 depicts a HN@pectrum  paciground pectrum. The fit corremnds to 14%pt HNOs,
and the corresponding fingerprint fit.

The TDL software developed in QuickBasic at ARI runs in the DOS environment on two dedicated Pentium computers, one
for each diode. TDL allows up to 45 individual lines to be used in the fingerprint fit for each species and can fit up to four
species in each spectrum. The analysis of spectra is done in real time and resulting concentrations are saved toedisk, with th
option of archiving all raw spectra for later review or analysis. The TDL-95 Visual Basic program allows these computers to
be installed in a remote location by providiragess to all laser control, spectrum fitting, and data archiving functions over a
phone line or via direct connection.

In order to further discriminate against non-HN&nhd non-NQ@ spectral features, the flow is periodically modulated to
remove the species of interest by creating a zone of scrubbed ambient air at the end of the inlet from which the flow is
sampled to record a background spectrum. A nylon filter effectively removes ambiept d&tid@n activated charcoal filter

in series removes ambient BlA_aboratory and field tests show that four glass tubes positioned orthogonally around the tip

of the inlet provide a >95% efficient means of delivery for the scrubbed ambient air under a wide range of conditions. This
flow switching technique has the advantage of keeping a constant pressure within the cell, thus minimizing disturbance in the
fringe field between signal and background spectra. The fine temperature control of the entire instrument also reduces the
frequency required for background spectra to once every 15 minutes, allowing at least 80% of time in any half-hour flux
interval to be spent measuring ambient concentrations at 1 Hz.

The dual TDLAS is readily adaptable to unattended, automated operation. Reference cells allow the system to lock onto the
line positions of the species being measured so that the frequency, and therefore the measurement accuracy, does not dri
over time. The diode and detector dewar is refilled automatically with liquid nitrogen using a temperature-sensing probe and
triggered cryogenic solenoid valve. The system uses approximately 2 to 3 hetNay, depending on diode operating
temperatures and currents.

2.2. Measurement of HNQ

Determining absolute gas-phase nitric acid is complicated by its low concentrations in the troposphere (often less than 500
ppt) and the highly polar nature of the molecule which makes loss to sampling and inlet walls an important factor in any
measurement technique. The TDLAS design minimizes adsorption of tdNe walls of the sampling cell by using a low-
volume, high flow rate multi-pass cell with fluorinated silane coating (United Chemical Technologies compound #T2494) on
the Pyrex inlet and flow cell walls. Once aged under ambient flow conditions, the coating reduces the degree of wall
interaction for HNQ, as shown in Figure 4. A quartz flow tube performs similarly but does not requiring an aging period for
the coating. With 80% of the HNG@ime response described by a fast exponential (one second time constant), this technique
provides an adequate method for measuring HiN@es in the forest.
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The inherent response function of the

instrument. to. HNQ requires a_small Lo =* HNO ; Time Response Without Coatin
correction for the attenuation of fluxes . ¢ _F;OS (100%) o
carried by atmospheric eddies withgy o5 | *

frequencies higher than those detectable bi
the instrument; the correction procedure2 oo~ -
follows the established protocol for
Harvard Forest Npfluxes. Munger et &.
showed that the majority of NGluxes at
Harvard Forest are transported by eddies
with frequencies between 0.005 and 0.5 Hz, ‘ . A
with the peak of the power spectrum near sao* |- H,0 Time ?fsg‘;”zix)’g;)c"a“”g

0.05 Hz. The existing NQOdetector at 4 | g — e ~—

-05 —

Harvard Forest has an exponential responsg
function with a time constant of 1 second. 5’
For every half-hour period in which a flux * 2
is calculated, a response time correction b
factor is determined by numerically
filtering the covariance of vertical wind and o 0 100 150 200
temperature (measured by a sonic

_anemom?tt?r coincident with the TDL i1 g HNO , Time Response With Coating e
inlet), <w'T’>, by the response function of N T, =15 (80%) TSI
the instrument. The filtered <w'T"> is then 2 1, =30 s (20%) P
compared to the unfiltered <wT> £ -
measurement to determine the percent of 1

flux lost by attenuation of high frequency ol
components. For NQhis correction factor
has been between 10 and 17%. During the
day, however, the corrections tend to be
smaller because the more turbulent daytime
atmospheric boundary layer favors the

larger, lower-frequency eddies. Since the Figure 4. Upper panel: Response to HN@th uncoated pyrex flow tube.
TDLAS HNOs time response is 80%  Center panel: Response water vapor with siloxyl-coated pyrex flow tube.
characterized by the same response Lower panel: Response to HNGignal with coated pyrex flow tube. In each
function as the NQinstrument, we expect case, the fit (line) = A exp(f) + B exp(-tf).

to apply relatively small correction factors

for the lost high-frequency  flux

components.

TIME (s)

Previous measurements indicate that thg M@ at Harvard Forest varies from zero toi@noles nf hr', with a median

July value of 4 moles nt hr' & The sensitivity for HN@flux is estimated as follows. The background noise of the
HgCdTe phatvoltaic detectors, the limited output power of the laser diodes, and the finite reflectivity of the multiple pass
mirrors corresponds to approximately a precision of 80 ppt (peak absorbance of fx1ANO; in 1s. Actual noise is
consistently 2 to 3 times higher due to additional random noise from motion of fringes in the spectrum relative tg the HNO
line positions. We find that the sensitivity-limiting noise corresponds to 150-200 ppt of. HNGwever, this noise is

random, and thus uncorrelated with the atmospheric eddies carrying fluxes into the forest canopy. We can therefore average
the covariance of HNQand w over the ensemble averaging period (30 min) for forest flux obser¢atiémsestimate of

the precision for the 30-minute flux is obtained by using the relationship between covariance, the standard deviation of
measured quantities, and the correlation coefficient:

covariance (HNOs) a(w) r(w,HNOs) Q)

The peak of a representative power spectrum, r(\y),OHarvard Forest is approximately 085A random sampling (days
15, 115, 215, and 315) of the Harvard Forest 1996 data set indicate$wha roughly 0.1 mi$ for low momentum flux
conditions where a near-zero Hpflux is expected. We therefore estimate the HRX precision to be less than or equal
to 2 ppt m g, equivalent to 0.8 moles nf hr'. This is the 18 percentile (or better) for fluxes of N@t Harvard Foret
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2.3. Measurement of N@

1.001 —
The TDLAS technique has been applied successfully to
nitrogen oxide emissions detection, demonstrating the 1.000
sensitivity and suitability of the methdd> <
Atmospheric measurements of ldike HNO;, require w 0999
a combination of strong absorption features in spectral g
regions where there is minimal interference from other £ 0-998
absorbing species. Optimal spectral regions for, NO =
detection at 1600 ¢ part of thev; asymmetric stretch 0.997
mode, give line center fractional absorbances of
approximately 4x18 for 10 ppt NQ using the 210 m 0.996 17 | | | |

pathlength cell configuration. One-second, integrated
measurements of both zero air and a constani NO
permeation tube source show that the RMS noise at all Data Channel

levels is 80 ppt over the 210 m path. Figure 5 shows arfigure 5. NQ spectrum, 1599.8 cfrto 1600 crit, sampled in indoor
experimental N@ spectrum with a non-linear least ambient air. The fingerprint fit corresponds to 7.1 pply.NO

squares fit.

40 60 80 100 120

NO and NQ cycle rapidly in response to gradients i g@@ncentration and light intensity through the forest canopy. This
may lead to apparent exchange of N@en in fact there is no net flux of NO'he contribution of NO/N©cycling can be
separated from true N@xchange (N@deposition or NO emission) by making continuous measurements of NQahD

O; concentrations, and covariances of NO,,N@, and T with w?®. Since the NO, Np and Q detectors are located at the

main Harvard Forest flux tower approximately 100 m from the TDLAS flux tower, we will also collocate a fast-response NO
sensor with the TDLAS inlet for a validation period.

3. FIELD DEPLOYMENT
3.1. Pilot Field Measurements

A preliminary intercomparison using an early prototype
of the TDLAS HNQ monitor allowed for validation of

the measurement technique as well as identification of a oSl e
i i T P

number of technical problems, which have now been - .-

solved. Field measurements of HN®ere conducted 200 - o g® Therer |

at the NOAA Aeronomy Laboratory (AL) Enchanted SWW rorete

Mesa site approximately 3 km southwest and 100 m_ ;5| o 5 'mmm_

above Boulder, CO from October 13 through November & oo g0 O

5, 1996. Three methods were used to measures Lol®

atmospheric HN@ the NOAA AL CIMS*'?’ the T 100 7
NOAA Filter Pack (FP) method, and the ARI prototype
TDLAS. The two fast-response instruments (CIMS and 50 |- .
TDL) were housed in side-by-side trailers so that the o s
inlets were approximately 3 m apart and 2 m off the
ground, each inlet extending horizontally from the west

end of the trailers. The FP measurements represent a Hour

more _establlsh_ed, long integration time technlque,:igure 6. Average diurnal cycles of HN®ver the intercomparison
providing a point of reference for the other, newer period in hourly bins. Nighttime TDLAS data was acquired in an
methods. Figure 6 shows the diurnal average of HNO unattended mode.

measured by the CIMS and TDL during the

intercomparison period.

o v v v v b e ey T
0 5 10 15 20

The HNG, TDLAS prototype differed from the current Harvard-Aerodyne instrument in its lack of temperature control,
lower reflectivity mirrors, correspondingly higher detection limit and noise characteristics, and lower duty cycle. Bespite th
noise present in the TDL system, the spectroscopic measurement technique allowed for unambiguous identificatipn of HNO
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Figure 8. Residuals of the linear regression to data in the

previous figure, plotted against quantiles of the standard normal.
' Points fall predominantly on a straight line, indicating that the
excess noise in the TDLAS data is Gaussain in nature.

Figure 7. Comparison of TDLAS and CIMS HRO
measurements from Enchanted Mesa, Colorado as 10-minu
average data points. The slope of the linear regression i< 0.85
0.06, and the intercept is at -2A.3 ppt. R= 0.45.

In Figure 3, signal and background spectra from a 6-hour sampling period during the intercomparison have been co-averaged
and then ratioed to produce a high signal to noise #@ctrum. The peak fractional absorptiond$@, corresponding to

a nitric acid concentration of 149 ppt. The agreement between spectra co-averaged over hour-long periods and hourly
averages of the real-time HN@easurements made by the TDL was excellent, indicating the certainty with which the TDL
technique is able to identify and measure the Eigf@sent in the long-path sampling cell. TDL measurements from the
prototype hourly-average detection limit of 20 ppt up to 500 ppt HM&e observed during the Colorado field campaign.

This wide range of values is typical of the site, which samples very clean, westerly flow from over the mountains as well as
polluted, easterly flow from the Denver metropolitan area.

Figure 7 shows all concurrent CIMS and TDLAS measurements during the intercomparison period as 10-minute average data
points. The two methods are in good agreement overall. Unlike the CIMS, the TDLAS is allowed to report negative
concentrations. These values represent instances when the background and signal spectra no longer represent the san
conditions in the cell, usually due to temperature drifts in the unregulated prototype. The negative concentrationstare the be
solutions to the least-squares fits of the invalid spectra. Figure 8 displays residuals of the linear regression agamst quant

of the standard normal. The occurrence of most of the residuals on the straight line indicates that the TDLAS noise is
normally distributed, revealing no pronounced systematic or non-random discrepancy between the data sets. The two
different techniques agree under a wide range of conditions. Although the TDL prototype’s lack of active temperature
control, higher detection limit, and low duty cycle were the limiting factors in extracting more detailed information from the
data set, the good agreement between the spectroscopic, absolute method and the calibration-based CIMS technique was &
important step in the development of both approaches.

3.2. Harvard Forest Deployment

The Harvard Forest site in central Massachusetts (42.54N, 72.18W,; elevation, 340 m) is a 50- to 70-year old mixed
deciduous forest consisting primarily of red oak and red maple, with scattered hemlock, red pine, and white pine stands. The
terrain is roughly 95% forested and moderately hilly; closest paved roads are more than 1 km away, small towns greater than
10 km distant. Dominant winds are from the northwest and southwest. The 30 m tower on which the current suite of
measurements is based rises 6-10 m above the forest canopy.

The dual TDLAS will measure HNCand NQ concentrations and fluxes on a walk-up tower approximately 100 m from the
main flux tower during a one-year period, beginning in the summer of 1999. The instrument is at a height of 20 m, with a 3
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m inlet extension added so that the sampling level is approximately 110% of the canopy height. The coated quartz inlet
extension samples an excess flow at atmospheric pressure such that concentration fluctuations relevant to turbulent transpor
are preserved and fewer than 20% of the molecules have interacted with the walls by the time they enter the multipass cell
inle’®®.  The inlet extension introduces a finite lag time between the sonic anemometer wind field and the TDLAS
concentration measurements. A routine correction is made for the lag time when the flux is calculated using observed lagged
cross-correlatior’s

A Campbell Scientific sonic anemometer is installed on the same tower as the TDLAS instrument at the same height as the
inlet extension. Auxiliary equipment, such as control and data acquisition electronics, is installed in a shed at ttreebase of
tower along with pumps and gas cylinders. The electronics module and liquid nitrogen supply are on the tower, one stage
below the main optics module in order to minimize the cable length between the lasers and the diode laser controller. The
data control and acquisition program running at the base of the tower is interfaced with the Campbell Scientific CR10x
datalogger via short-haul modem. The sonic anemometer data is routinely scanned for noise spikes, as indicated by the ratios
betweernow, ou, ov, and U. The virtual temperature derived from the speed of sound will also be compared with thermistor
temperature measurements to eliminate data taken with water on the sonic transducers, as is presently done for all Harvarc
Forest sonic anemometer data.

Data from a continuous one-year period will be used to investigate the role of the reactive nitrogen budget in tropospheric
ozone production. Measurements of HN&hd NQ, along with PAN, NO and NOmeasurements will provide nearly
complete NQ speciation so that the partitioning of reactive nitrogen will be better understood for this continental site.
Fluxes of HNQ and NQ will provide direct quantitative information on reactive nitrogen loss processes, which directly
effect ozone production. This data set will be investigated in the context of measuremensinfiNDfluxes, as well as

NO,, hydrocarbon, and tracer concentrations for meaningful correlations revealing photochemical and transport processes
important in the boundary layer nitrogen budget and ozone production. The sum of individual nitrogen oxide species
measured at the site, including NO, N®AN, and HNQ can be compared with the independent, M@asurement to
evaluate the portion of N@@omposed of unknown or unmeasured species. This comparison will also be an important check
on the validity of all the nitrogen oxide measurements, providing an indicator for unforeseen interferences. Inspection of
cospectra of WHNOs' and WNO,' compared to W' will reveal any incomplete resolution of small eddies.

4. CONCLUSION

The dual TDLAS has demonstrated the high sensitivity and fast time response required for measuring eddy covariance fluxes
of HNO; and NQ to forest ecosystems. The long-path astigmatic Herriot cell with narrow-band IR mirror coatings and
multiplexed beams provides sufficient pathlength and light throughput to routinely detect fractional absorptions on the order
of 10° in a 1 second measurement. Along with maintaining a constant pressure in the absorption cell, active temperature
control of the entire optical table and enclosure stabilizes interference fringes with respect to line positions. This design
feature extends the time between required background spectra, thus raising the duty cycle for atmospheric measurements t
better than 80%. Efficient sampling of Hil®as been achieved by keeping wall contact to a minimum and using coated
Pyrex and quartz surfaces with favorable responses to this highly polar molecule.

The measurements at Harvard Forest will test ideas about mechanisms controlling partitioning among of nitrogen oxide
species and their ultimate removal from the atmosphere. The observations will produce new information on seasonal and
interannual variability in the reactive nitrogen budget, and quantify an important component of acid deposition to forest
ecosystems. The major questions to be addressed are:

1) What are the magnitudes of the deposition fluxes of &t HNQ at forested sites in New England?

2) Is HNG; the major species that contributes to dry deposition g?NO

3) Does deposition of NOto the forest canopy have a significant effect on tropospheric ozone production and on

the oxidizing potential of atmospheric NO
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