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Preface	

I was recruited by the United States National Oceanic and Atmospheric Administration 

(NOAA) in Boulder, Colorado, USA in 2003. My first project concerned the development of CaRDS 

instrumentation for airborne deployment. During the 1990s, the general opinion had been that CaRDS 

instruments could not be deployed on airborne platforms due to their size and lack of ruggedness. When 

I was told that this was the common belief, I did not agree that it had to be that way. My supervisor, Dr. 

Steven Brown, shared the opinion that airborne deployment of CaRDS should be possible.  

One year after I started at NOAA, we had taken CaRDS from the lab to an airplane with great 

success. Based on my new design and several improvements in the experimental setup, the first airborne 

deployment of a CaRDS instrument on the NOAA P-3 Hurricane Hunter airplane in 2004 for in-situ 

measurements of NO3 and N2O5 became possible. It required a huge engineering effort, but is a prime 

example of applied physics and engineering.  

During the next 13 years, I continued to develop CaRDS for airborne deployment. CaRDS 

instruments fully or partially conceived and designed by me have been deployed in a large number of 

field measurements, which have resulted in an increased understanding of the chemistry of the 

troposphere. Several of my designs, were later copied by other research groups. The UCC group led by 

Dr. Andy Ruth is taking my approach for light-weight, low-power CaRDS instruments to a new level 

with a new instrument currently being built. This instrument represents the state-of-the-art in the field.   

While the airborne deployment was the first huge leap in the use of CaRDS for atmospheric 

measurements of nitrogen oxides, the development has also resulted in successive improvements in 

reliability, ruggedness, accuracy, and sensitivity. Airborne measurements with CaRDS instruments are 

now routine. 
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Abstract	

Pulsed laser cavity ring-down spectroscopy (CaRDS) is a highly sensitive method for direct 

absorption spectroscopy that has been applied to in-situ detection of NO3, N2O5, NO2, NO, and O3, as 

well as NOx and NOy in the atmosphere from a variety of airborne platforms. CaRDS instruments have 

traditionally been large and delicate laboratory instruments. The successful leap from laboratory 

instruments with high maintenance requirements to compact and rugged field instruments for airborne 

deployment was made possible through the extensive engineering work and new innovations presented 

in this thesis. 

The necessary improvements were mainly in the six following areas:  1) Instrument rack design 

and vibration isolation, 2) Automated aerosol filter changer, 3)  Low loss inlet design and flow 

control, 4) Optical cage design, 5) Clamped/nudged mirror mount, and 6) Purge system improvements. 

The result was a series of compact, reliable, and rugged field instruments with high sensitivity and 

accuracy.  

The first airborne deployment was performed in 2004. The designs have been copied by several 

other research groups, and airborne measurements with CaRDS instruments are now considered routine.  
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1. Introduction		

This thesis describes the development and optimization of airborne pulsed cavity ring-down 

spectroscopy (CaRDS) instrumentation for the highly sensitive detection of nitrogen oxides and ozone 

in the free troposphere.  

 Motivation	to	the	thesis	and	contributions		

Nitrogen oxides in the troposphere are primary pollutants derived from combustion of fossil 

fuels. They are key constituents regulating the abundance of ozone and hence are important for climate 

and air quality. Many of the chemical reaction mechanisms involving nitrogen oxides are driven by 

sunlight, however, nitrogen oxides also play an important role in the nighttime tropospheric chemistry. 

The nighttime chemistry involves species that are unstable in sunlight, such as the nitrate radical, NO3, 

and its equilibrium partner, N2O5.   

To characterize the processes that govern the atmospheric chemistry both during daytime and 

nighttime, measurement instruments with high sensitivity are necessary as the abundance of the species 

of interest can be inherently low. The CaRDS principle offers the needed sensitivity, but the 

corresponding instruments have traditionally been difficult to deploy outside a laboratory environment. 

CaRDS instruments have generally been built on optical tables using conventional optics components, 

and these designs were highly sensitive to vibrations, ambient temperature, and pressure. Thermal and 

mechanical stresses, combined with components designed for laboratory use rather than field use, would 

cause cavity mirrors to drift out of alignment. Early (lab-based) instrumentation in CaRDS required 

high maintenance and daily alignments and were unsuitable for airborne deployment.  

Through extensive engineering work, the first airborne deployment of a CaRDS instrument was 

performed in 2004. Continuous development resulted in a series of compact, reliable, and rugged field 

instruments with high sensitivity and accuracy. The designs have been copied by several other research 

groups, and airborne measurements with CaRDS instruments are now considered routine. 

The author was instrumental in the development of these trail-breaking field measurements 

from airplanes and other mobile platforms. This thesis focusses on the physical and engineering aspects 

of two CaRDS instruments developed at NOAA (Boulder): “ARNOLD” (Atmospheric Ring-down 

Nitrogen Oxide Laser Detector) and “NOxCaRD” (Nitrogen Oxides by Cavity Ring Down). The thesis 

is based on five selected publications [1-5] published over the past 13 years, where some or all the data 

was collected using these two instruments. The five publications are presented in full in chapters 3 

through 7. The two instruments are presented in sections 2.1 and 2.2.  

The author’s main contributions in the development of CaRDS instruments for airborne 

detection of nitrogen oxides are in the following six areas (references refer to the publication(s) where 
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the respective design features were used for the measurements). Engineering details and experimental 

aspects will be discussed in detail in Chapter 8.  

1. Instrument rack design: Welded 4130 chrome-moly steel racks replacing the traditional 

riveted aluminum rack design resulted in higher strength, lower weight, lower cost, and better 

vibration isolation. Publications [1, 2, 4].  

2. Automated filter changer: An inlet aerosol filter is necessary for measurements of NO3 and 

N2O5, but the filter has to be changed hourly because collected contaminants react with the 

substances of interest, resulting in unacceptable inlet losses. A fully automated filter changer 

allowed increased filter change frequency while decreasing down-time during filter changes, 

and allowed the instrument to be operated in the pressurized cabin while sampling the outside, 

unpressurized, air. The gaps in the measurements due to filter changes were greatly reduced 

resulting far less missed data. Publications [1, 2, 4]. 

3. Low loss inlet design and flow control: Inlet design improvements include a coaxial flow type 

zero air addition scheme that does not introduce disruptive inlet pressure variations and a low 

loss Teflon machining technique. Portions of the inlet were manufactured using a special 

Computer Numerical Control (CNC) low NO3/N2O5 loss machining technique. The improved 

inlet designs were first used in [2], and have been used in all airborne deployments afterwards 

[3-5]. The work also included integration of flow controllers. 

4. Cage design: A cage design addressed the problem with the mirrors drifting out of alignment, 

and further reduced the vibration sensitivity. The cage design in a CaRDS instrument was first 

used in [3], and has very successfully been used in the multichannel instruments “NOxCaRD” 

and “ACES” (Airborne Cavity Enhanced Spectrometer, not presented in detail in this thesis but 

included in the selected publications), and will be implemented in the next generation of 

“ARNOLD” instruments. Publications [3, 5]. 

5. Clamped/nudged mirror mount: A clamped/nudged mirror mount design further reduced the 

need for re-alignment of the mirrors. In contrast with traditional CaRDS instruments requiring 

daily alignments, the instrument NOxCaRD, using nudged and clamped cage mirror mounts, 

has been operated for several years without alignment. Publication [5].  

6. Purge system improvements: Improvements in the purge system, which keeps the 

contaminated air from reaching the mirrors, increased the effective cavity length and increased 

both accuracy and sensitivity of the measurements. Publications [1, 5]. 

All of the design aspects, except for the filter changer (item 2), feature presently in a 

collaborative project with University College Cork (UCC). The project aims at the construction of a 

lightweight, autonomous CaRDS instrument for the CARIBIC program (www.caribic-
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atmospheric.com). The instrument is referred to as “CARDINO” (CARIBIC Autonomous Ring-Down 

Instrument for Nitrogen Oxides) and will be the world’s lightest four channel, autonomous, CaRDS 

instrument which will be deployed in a cargo container onboard an Airbus 340-600 on regular 

commercial passenger flight around the globe. CARDINO will be used to detect N2O5, NO3, NO2 and 

O3 in the upper and lower troposphere for long-term global climatological monitoring.  

 

	 	



W. P. Dube (2018) Cavity ring-down spectroscopy instrumentation for airborne detection of nitrogen oxides 

13 

 

 Pulsed	cavity	ring‐down	spectroscopy	(CaRDS)	

In a conventional direct optical absorption experiment the incident and transmitted 

intensities (I0 and I respectively) of a light beam, propagating through a sample of path length 

L, are measured. The absorption of the sample is related to the attenuation of the light intensity 

which is expressed by the well-known Lambert-Beer law: 

 0 exp αI I L         (1-1) 

where () is the wavelength dependent absorption coefficient, which is usually given 

in [cm-1]. The absorption coefficient ()   N () is normally expressed as the product of the 

number density N [cm-3] and the specific wavelength-dependent absorption cross-section  

[cm2] of the absorbing species. For inherently weak absorptions (i.e. ln (I/I0) < 10-6), which 

occur in gas-phase absorption measurements, the main problem with conventional methods is 

that, the change of intensity of the light passing through the sample is very small compared 

with the initial light intensity. Thus, the sensitivity is generally limited by fluctuations in I0. In 

other words, it is difficult to achieve an adequate signal-to-noise ratio to distinguish the 

difference between I0 and I. The approach to measure absorption coefficients with the cavity 

ring-down method virtually eliminates this problem, since the experimental principle is based 

on the measurement of a rate rather than a magnitude of an intensity change. The cavity ring-

down approach is also combined with the creation of a very long absorption path length, which 

is a well-known way of improving the sensitivity in measurements of small absorption 

coefficients ( = L-1 ln(I/I0)). 

In cavity ring-down absorption spectroscopy (CaRDS) the light pulse from a 

(potentially tunable) laser is coupled into an optically stable high-finesse cavity formed by two 

highly reflective dielectric mirrors which are separated by a distance L0. In the following the 

round-trip time of the laser pulse in the resonator is assumed to be longer than the laser pulse 

duration so that interference and mode effects can be neglected. If the reflectivity R of the 

mirrors is high enough (typically R~0.99999 in the visible) the light pulse can be stored in the 

cavity for tens of microseconds, which corresponds to several thousand passes of the pulse 

depending on the mirror separation L0. The light intensity in the cavity decreases due to the 

overall losses of the cavity. This decay is monitored by measuring the transmitted intensity of 

the light pulses by means of an appropriate detector on the exit side of the resonator (usually 

photomultiplier tubes (PMT) or photodiodes are employed for that purpose, see Figure 1-1). 
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Figure 1-1: Typical Components of a CaRDS setup. PMT: Photomultiplier Tube. 
 

The empty cavity: In an empty (evacuated) cavity the intensity measured after the first 

pass will be I0 = T2Iin, where T = 1-R is the transmission of each mirror and Iin is the intensity 

of the input laser pulse. During each round-trip (=two passes) the pulse intensity is attenuated 

by a factor of R2 leading to an intensity of Ik = I0 R2k = I0 exp (2k ln(R) after k round-trips. 

Replacing the discrete number of round-trips k by the continuous parameter time, t = k(2L0/c), 

leads to an expression for the time-dependence of the laser pulse intensity, which is measured 

at the cavity exit (c is the speed of light) 

0
0

ln( )
( ) exp

c R
I t I t

L

 
  

 
       (1-2) 

The decay time of this exponential decay is called ring-down time  

0
0τ (λ)

ln( (λ))

L

c R
 (ln R  R-1 <0),           (1-3) 

which is solely dependent on the mirror reflectivity at a given mirror separation L0. By scanning 

the laser wavelength and measuring 0 the wavelength-dependence of the mirror reflectivity 

can be determined. For the derivation of equation 1-2 it was assumed that diffraction losses of 

the cavity are negligible. This is a valid assumption since in practice cavity conditions can be 

found, almost always, where this is the case. 

The filled cavity: In a cavity which contains a gas sample the absorption of the 

respective species will increase the total losses per pass by ~exp(-L0) according to Lambert-

Beer's law; please note that the losses in principle contain absorption and scattering losses. It 

is important that losses due to scattering of the light in the cavity are kept to a minimum (e.g. 

through aerosol filters) and much smaller than the losses due to the limited mirror reflectivity. 

From the intensity after k round-trips in the cavity, Ik = I0 (R exp(L0))2k, the time-dependence 

of the intensity exiting the cavity can be written as 
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0
0

0

α ln( )
( ) exp

L R
I t I ct

L

  
  

 
.      (1-4) 

In this case the reciprocal ring-down time -1 is proportional to the total losses per 

round-trip: 

1

0

ln( (λ))
τ (λ) α(λ)

R
c

L
  

  
 

     (1-5) 

The absorption coefficient of the gas  is derived by fitting equations 1-4 and 1-5 to the 

measured intensity decay for the empty and the filled cavity and subsequently subtracting the 

respective reciprocal ring-down times: 











0τ

1

τ

11

c
      (1-6) 

An absorption spectrum can in principle be measured if a tunable laser is used and -1 

is plotted versus the wavelength , taking into account the "background" of the empty--

resonator, c ln(R) / L0, which is solely dependent on the mirror reflectivity. This is the reason 

why CaRD spectroscopy is practically intensity-independent and only limited by the shot-to-

shot noise of the laser. 

Figure 1-1 shows a typical experimental scheme illustrating the (pulsed) cavity ring-

down principle. It should be noted that in practice L0 is to be replaced by the sample length, LS, 

inside the cavity, because the cavity mirrors are generally purged with a clean gas for protection 

of the mirrors. Purging the mirrors is essential as mirror surfaces are, by their very nature, very 

sensitive to contamination and degradation by volatile organic compounds (VOC) and aerosols, 

which are difficult to remove entirely from gas samples. The purging of the mirrors shortens 

the sample length to LS < L0, depending on purge conditions. Although the two "purge" volumes 

keep the mirrors clean, the boundary between the sample volume and the purge volumes is not perfectly 

defined. There is diffusion across the boundary in both directions. The purge flow, although typically 

small in comparison to the gas sample flows, also dilutes the sample flow slightly. Both of these effects 

tend to make the measurement slightly sensitive to pressure changes and changes in the sample flow. 

Sensitivity and detection limits 

From equation 1-5 it becomes obvious that the better the mirror reflectivity, i.e. the 

longer the ring-down time, the smaller absorption coefficients can be measured. Formally the 
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sensitivity of the CaRD method is defined through the relative decrease of the light intensity 

per pass, I, which is related to the quantities in a CaRD experiment in the following way [45]: 

 0
0

0

τ
δ  α 1

τ

I I
I L R

I

 
          (1-7) 

where  is the change of the ring-down time with and without the absorption (or loss 

in general) in the cavity. The smallest measurable absorption coefficients therefore depend on 

the smallest detectable change in the ring-down time according to equation 1-7. In other words, 

the accuracy with which the ring-down time can be measured determines the size of the 

smallest measurable absorption coefficient. This is in agreement with the fact, that ring-down 

times can be determined more accurately the longer the ring-down decays are. The time constants 

of the cavities discussed in this thesis are of the order of tens to hundreds of microseconds. These time 

constants correspond to path lengths of tens of kilometers to nearly one hundred kilometers, as shown 

in Figure 1-2. This long path length is what makes CaRDS a very sensitive absorption spectroscopy 

method. 

 

Figure 1-2: Example of the decay of light intensity in a stable cavity as a function of time including the 
corresponding fit of the data. Leff = LS/(1-R) 
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 Selected	publications		

This thesis is based on the five selected publications presented below [1-5], of which the 

applicant is 1st author of one, 2nd author of three, and 3rd author of one. Currently these publications 

have a total of 332 citations, or on average 66.4 citations per publication.  

 

A. Aircraft instrument for simultaneous, in-situ measurements of NO3 and N2O5 via 

pulsed cavity ring-down spectroscopy 

W.P. Dubé, S.S. Brown, H.D. Osthoff, M.R. Nunley, S.J. Ciciora, M.W. Paris, R.J. 

McLaughlin, A.R. Ravishankara.  

Rev. Sci. Instr. 77 (2006) 034101. 

Contribution: ~65 %  

Responsibilities: Conceived and designed the CaRDS instrument “ARNOLD”. This was the 

first successful deployment of a CaRDS instrument on an airborne platform. This is a 

descriptive paper of the instrument and measurement technique.  

Citations: 109 (Google Scholar, January 2018) 

 

Figure 1-3: Front page of Publication A [1]. 
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B. Determination of inlet transmission and conversion efficiencies for in-situ 

measurements of the nocturnal nitrogen oxides, NO3, N2O5 and NO2, via pulsed cavity 

ring-down spectroscopy 

H. Fuchs, W.P. Dubé, S. J. Ciciora, S. S. Brown.   

Anal. Chem. 80 (2008) 6010-6017. 

Contribution: ~35 %  

Responsibilities: Contributed to the experimental design for the study. Designed the 

instrument, including selecting the lowest loss inlet material and developing specialized low 

loss machining technique for PFA (Perfluoroalkoxy alkanes, a material similar to Teflon).  

Citations: 56 (Google Scholar, January 2018) 

 

 

Figure 1-4: Front page of Publication B [2]. 
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C. A sensitive and versatile detector for atmospheric NO2 and NOX based on blue diode 

laser cavity ring-down spectroscopy 

H. Fuchs, W.P. Dubé, B.M. Lerner, N.L. Wagner, E.J. Williams, S.S. Brown.  

Environ. Sci. Technol. 43 (2009) 7831-7836.  

Contribution: ~40 %  

Responsibilities: Designed the major portion of the instrument, which was the first CaRDS 

instrument to use a 405 nm blue diode laser. 

Citations: 70 (Google Scholar, January 2018)  

 

 
 

Figure 1-5: Front page of Publication C [3]. 
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D. Diode laser-based cavity ring-down instrument for NO3, N2O5, NO, NO2 and O3 from 

aircraft 

N.L. Wagner, W.P. Dubé,  R.A. Washenfelder,  C.J. Young,  I.B. Pollack,  T.B. Ryerson,  

S.S. Brown.  

Atmos. Meas. Tech. 4 (2011) 1227-1240. 

Contribution: ~45 %  

Responsibilities: Designed the major revision of the instrument “ARNOLD”, where it was 

equipped with dual diode lasers: 405 nm, and 662 nm.  

Citations: 73 (Google Scholar, January 2018).  

 

 

Figure 1-6: Front page of Publication D [4]. 
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E. A measurement of total reactive nitrogen, NOy, together with NO2, NO, and O3 via 

cavity ring-down spectroscopy 

R.J. Wild,  P.M. Edwards,  W.P. Dubé,  K. Baumann,  E.S. Edgerton,  P.K. Quinn,  J.M. 

Roberts,  A.W. Rollins,  P.R. Veres,  C. Warneke,  E.J. Williams,  B. Yuan,  S.S. Brown,  

Environ. Sci. Technol. 48 (2014) 9609-9615.  

Contribution: ~30 %  

Responsibilities: This paper describes the applicant’s instrument design, “NOxCARD”, in 

detail. The major design revisions included the cage design concept and the nudged mirror 

mounts, plus the addition of a NOy channel. This was the first time the nudged mirror mount 

design was used.  

Citations: 24 (Google Scholar, January 2018).  

 

Figure 1-7: Front page of Publication E [5]. 
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In addition to these publications, the CaRDS development work presented in this thesis has 

been instrumental in the measurements for the following two publications in Nature [6, 7], where the 

applicant is one of the co-authors. These two publications will not be covered in detail in this thesis:  

 

A large atomic chlorine source inferred from mid-continental reactive nitrogen 

chemistry 

J.A. Thornton,  J.P. Kercher,  T.P. Riedel,  N.L. Wagner,  J. Cozic,  J.S. Holloway,  W.P. 

Dubé,  G.M. Wolfe,  P.K. Quinn,  A.M. Middlebrook,  B. Alexander,  S.S. Brown.  

Nature 464 (2010) 271-274. 

Contribution: ~20 %  

Responsibilities: Provided half of the instruments for the campaign, half of the 

measurements, and the N2O5 calibration source in support of the discovery.   

Citations: 313 (Google Scholar, January 2018)  

 

High winter ozone pollution from carbonyl photolysis in an oil and gas basin  

P.M. Edwards,  S.S. Brown,  J.M. Roberts,  R. Ahmadov,  R.M. Banta,  J.A. deGouw,  W.P. 

Dubé,  R.A. Field,  J.H. Flynn,  J.B. Gilman,  [...],  C.R. Thompson,  M.K. Trainer,  C. Tsai,  

P.R. Veres,  R.A. Washenfelder,  C. Warneke,  R.J. Wild,  C.J. Young,  B. Yuan,  R. 

Zamora.  

Nature 514 (2014) 351–354.   

Contribution: ~10 %  

Responsibilities: Provided all three instruments (ARNOLD, NOxCaRD, ACES) and assisted 

in the measurements in this field campaign (ACES will only be covered very briefly in this 

thesis).  

Citations: 74 (Google Scholar, January 2018) 
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Figure 1-8: The two publications in Nature [6, 7] that are resulting from the development work published in this 
thesis.  
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2. Overview	of	airborne	CaRDS	instruments		

The findings in the five publications selected for this thesis were crucially dependent on the 

two CaRDS instruments abbreviated as “ARNOLD” (Atmospheric Ring-down Nitrogen Oxide Laser 

Detector) and “NOxCaRD” (Nitrogen Oxides by Cavity Ring Down). These acronyms will be used 

throughout this thesis to refer to the two instruments. The majority of my work went into the design and 

development of both these devices. This section gives a brief overview of their development and 

evolution of features between ~2003 and 2017.  

 Instrument	ARNOLD		

The ARNOLD instrument was the first CaRDS instrument to be successfully deployed on an 

airborne platform. The first deployment was on the NOAA P-3 Hurricane Hunter airplane in 2004 

(Figure 2-1 and Figure 2-2) which is described in the selected publication A (Chapter 3). It has been 

deployed in multiple field missions after that, both airborne and ground-based. Data from ARNOLD 

also provided the basis for the selected publications B (Chapter 4) and D (Chapter 6). 

 

Figure 2-1: The NOAA P-3 Hurricane Hunter.  

 

The design of ARNOLD was based on existing laboratory setups, and the optical components 

of the instrument were similar to an older ground-based, two channel NO3 and N2O5 cavity ring down 

instrument, described in [8]. Because of this heritage, some features of the old instrument still remained 

after over a decade, such as an optical breadboard forming the base for the instrument.  

ARNOLD was continuously improved, and the current version of ARNOLD with 6 channels 

(Figure 2-3) utilizes almost all of the improvements that are described in this thesis. Presently ARNOLD 

has a welded steel instrument rack, automated filter changer, low loss inlet, isothermic pressure reducer, 
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and an improved purge design. An upgraded version which also uses a cage design and nudged/clamped 

mirror mounts is currently under construction (illustrated in Figure 2-5). The next version of the 

ARNOLD instrument will also be significantly smaller and occupy only a single bay rack instead of a 

double bay rack (Figure 2-4). Features of the very first version and the latest version of ARNOLD 

(under construction) are compared in Error! Reference source not found.. An intermediate version of 

the new ARNOLD with the new optical cage system but the old instrument rack and data acquisition 

system is shown in section 8.4, where the cage system design in discussed in detail.  

Table 2-1 : Comparison of features of the first and latest design of the ARNOLD instrument. 

Feature First version  Latest version (currently 
under construction) 

First deployment 2004 2018 
# of channels 2 channels 6 channels  

(2 × 662 nm, 4 × 405 nm) 
Laser(s) 532 nm pumped dye laser used 

to create red light at 662 nm 
One blue 405 nm diode laser 
and one red 662 nm diode laser 

Species measured NO3, N2O5 NO3, N2O5, NO, NO2, O3, NOy 
Volume Double bay,  

1100 mm × 525 mm × 880 mm 
Single bay,  
530 mm × 840 mm × 1200 

Mass 135 kg < 100 kg 
Power consumption 700 W 800 W 
Welded steel rack Yes Yes 
Automated filter changer Yes Yes 
Low loss inlet design Yes Yes 
Cage design No, optical system mounted on 

aluminum breadboard 
Yes 

Clamped/nudged mirror 
mount 

No Yes 

Purge system improvements No Yes 
Detection limit @ 1 second 
time response 

Laboratory:  
0.1 pptv for NO3 
0.1 pptv for N2O5 

 
On aircraft: 

0.2-0.5 pptv for NO3 
0.5-2 pptv for N2O5 [1] 

Yet to be determined  

Accuracy 25 % for NO3. 
20-40 % for N2O5, limited 

mainly by the uncertainty in 
the inlet transmission. [1] 

Yet to be determined  
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Figure 2-2: The first prototype of the ARNOLD instrument. Detailed description and illustration of the optical 
system is outlined in Publication A (Chapter 3). 

 

 

 

Figure 2-3: The current 6-channel ARNOLD instrument installed in NOAA P-3 research aircraft. Results from the 
corresponding campaign are outlined in Publication D (Chapter 6).  
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Figure 2-4: Rendering of the next version of ARNOLD, which is currently under construction.  

 

 

Cage mounted optics 
Single bay, welded 

steel rack 



W. P. Dube (2018) Cavity ring-down spectroscopy instrumentation for airborne detection of nitrogen oxides 

28 

 

 

Figure 2-5: Latest design of the optical cage in the ARNOLD instrument, which is currently under construction. 
The cage design has also clamped/nudged mirror mounts, discussed in section 8.4. 

 

 

 

½ in. (12.7 mm) carbon 
fiber composite rods 662 nm red diode laser 

405 nm blue 

diode laser 

End fittings for cavity 
(Teflon tubing for 
cavity not shown) 

End-plates machined 
from 6061-T6 

aluminum alloy 

Integrated mirror purge  
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 Instrument	NOxCaRD		

NOxCaRD is a compact CaRDS instrument suitable for both airborne and ground based 

platforms and was first deployed in 2009. It originally had two channels for the detection of NO2 and 

NO. The current version has four channels for the additional detection of O3 and NOy.  

NOxCaRD was originally conceived by Dr. Steven Brown at NOAA as a direct NO2 detector. 

As opposed to the early versions of ARNOLD, a diode laser at 405 nm is utilized in NOxCaRD. The 

availability of compact lasers at this wavelength made it possible to build a CaRDS instrument that 

measured NO2 concentrations directly in a spectral range with virtually negligible interference of other 

species such as O3 or NO3. This measurement approach is now also integrated in the current version of 

ARNOLD.   

The main specifications of the instrument are listed in Table 2-1. NOxCaRD is more compact 

than ARNOLD, it requires low power and maintenance, and utilizes almost all of the engineering 

improvements which are subject of this thesis. NOxCaRD has a welded steel frame, a low loss inlet, an 

optical cage system (very similar to that of the latest version of ARNOLD, shown in Figure 2-5), and 

also clamped/nudged mirror mounts.  

Figure 2-6a shows the optical cage system, Figure 2-6b shows its first deployment on the 

NOAA P-3 Hurricane Hunter airplane. NOxCaRD’s small footprint is apparent in Figure 2-6c where 

the instrument is being loaded on to the relatively small NOAA Twin Otter airplane.   

To our knowledge, NOxCaRD was the first CaRDS instrument in the world with the optical 

system mounted in a custom designed cage system. The carbon fiber rods provide stability against 

mechanical and thermal stress, and enormously increased the ruggedness of the instrument. The design 

is described in detail in publication E (Chapter 7). That publication, as well as publication C (Chapter 

5), uses data from NOxCaRD. 
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Table 2-1: Specifications for the current version of the NOxCaRD instrument. 
 

First deployment 2009 (2 channels), 2013 (4 channels).  
# of channels 4 channels  
Laser(s) One blue 405 nm diode laser 
Species measured NO, NO2, O3, NOy 
Volume Single bay, 1100 mm × 500 mm × 300 mm 
Mass 95 kg 
Power consumption 300 W (plus ~300 W for NOy oven) 
Welded steel rack Yes 
Automated filter changer No 
Low loss inlet design No 
Cage design Yes 
Clamped/nudged mirror mount Yes 
Purge system improvements Planned upgrade 
Precision <30 pptv for NOy @ 1 s time response 

<4 pptv for NOy @ 1 min time response [5] 
Detection limit <22 pptv for NO2 @ 1s time resolution [3] 
Accuracy 3 % for NO2 

3 % for O3 
5 % for NO 

12 % for NOy [5] 
5 % for NOx [3] 
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Figure 2-6: a) NOxCaRD instrument with 4 channels. b) NOxCaRD installed in the NOAA P-3 Hurricane Hunter 
airplane. c) NOxCaRD being loaded onto the NOAA Twin Otter airplane in 2017. Photo by C. Womark.   

a) b) 

c) 
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Abstract: 

This article describes a cavity ring-down spectrometer (CaRDS) specifically designed and 

constructed for installation on the NOAA WP-3D Orion (P-3) aircraft for sensitive, rapid in-situ 

detection of NO3 and N2O5. While similar to our previously described CaRDS instrument, this 

instrument has significant improvements in the signal-to-noise ratio, the time resolution, and in overall 

size and weight. The instrument utilizes a custom-built, automated filter changer that was designed and 

constructed to meet the requirement for removal of particulate matter in the airflow while allowing 

fully autonomous instrument operation. The CaRDS instrument has a laboratory detection sensitivity 

of 4×10−11 cm−1 in a 1 s integration time which corresponds to a detection limit of 0.1 pptv of NO3. The 

typical detection sensitivities encountered in the field, however, were 0.5 pptv for NO3 and 1 pptv for 

N2O5. The instrument accuracy is 25 % for NO3 and 20 – 40 % for N2O5, limited mainly by the 

uncertainty in the inlet transmission. The instrument has been deployed on the P-3 aircraft as part of a 
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major field campaign in the summer of 2004 and during several ground and tower deployments near 

Boulder, CO, USA.  

 

 Introduction		

The nitrate radical (NO3) and dinitrogen pentoxide (N2O5) are important reactive intermediates 

in the atmospheric chemistry of nitrogen oxides [9]. They form from the oxidation of NO2 by O3 and 

the further association of NO2 with NO3.  

 NO2 + O3  NO3 + O2       (3-1) 

NO2 + NO3    N2O5      (3-2) 

Their formation is effectively reversed during the day by the reaction of NO3 with NO (present 

in sunlight from NO2 photolysis) and by efficient NO3 photolysis (lifetime of ~5 s in direct sunlight) 

[10]. At night, reaction equation 3-1 can consume a significant fraction (50 %–90 %) of NO2, 

particularly if the hydrolysis of N2O5 is rapid [11, 12]. Furthermore, NO3 is a strong oxidant for a variety 

of hydrocarbons and sulfur compounds [13-15]. Thus, the fate of NO3 and N2O5 is important to the 

cycling and removal of NOx and to the oxidation of volatile organic compounds (VOC) in the nighttime 

atmosphere, and measurements of their concentrations are of substantial interest to atmospheric 

chemistry. 

The majority of the database for atmospheric measurements of NO3 comes from open path 

differential optical absorption spectroscopy (DOAS), which was first applied to the detection of NO3 

over 25 years ago [16-18]. These observations have been carried out both passively, using natural light 

sources (e.g., moonlight and starlight) for column density measurements [19, 20], and actively, using 

artificial light sources aligned over a multi-kilometer path [21, 22]. Reported detection sensitivities for 

active DOAS detection of NO3 range from 0.2 pptv [23] (pptv denotes parts per trillion by volume) to 

several pptv [24, 25] with integration times on the order of minutes.  

Because these techniques rely on the strong visible absorption bands of the nitrate radical, they 

do not detect N2O5 directly, although average N2O5 concentrations over the DOAS path can be 

calculated from simultaneous measurements of NO3, NO2, and temperature, as long as the variability in 

NO2 and NO3 is small over the path [26]. Until recently, the only in-situ technique for NO3 detection 

was cryogenic collection followed by the electron spin resonance (ESR) spectroscopy [27, 28]. In the 

last few years, several sensitive, fast time response, real-time in-situ techniques have been developed 

for NO3 detection. One of the principal advantages of these instruments is the capability to detect N2O5 

directly via its thermal decomposition to NO3 in a heated inlet. One recent approach has been cavity 

ring-down spectroscopy (CaRDS), a high sensitivity direct absorption technique. This method relies on 

the strong visible absorption bands of NO3, similar to DOAS. Our group [8, 29], Simpson and coworkers 
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[30-32], and Ball et al. [33] have all reported CaRDS based instruments, with detection sensitivities for 

NO3 or for the sum of NO3 + N2O5 of 0.3–2 pptv with integration times from seconds to minutes. 

Recently Ball and coworkers [34, 35] have also demonstrated laboratory detection of NO3 by a related 

technique using a broadband light source. Laser induced fluorescence (LIF) has been recently applied 

to NO3 and N2O5 detection, as demonstrated by both Wood et al. [36, 37] and Matsumoto et al. [38] 

albeit with somewhat larger detection limits and integration times (4–80 pptv in 10–1 min) in the 

instruments reported to date. Finally, Slusher et al. [39] have applied chemical ionization mass 

spectrometry (CIMS) to detect the sum of NO3 and N2O5 by their reactions with I−, both of which yield 

NO3
−. 

This article describes a CaRDS instrument designed and tested for aircraft deployment. 

Included in the description are improvements in the sensitivity and the inlet design for NO3 and N2O5 

sampling implemented since the previous description of our ground and ship based instrument [8].  Also 

included are the data from a test flight on the NOAA P-3 aircraft in Tampa, FL in March of 2004, the 

first example of NO3 or N2O5 measurements from an aircraft. To date, the instrument has been deployed 

at ground and tower sites near the NOAA laboratories in Boulder, Colorado, and on the NOAA P-3 

aircraft during the New England Air Quality Study in Portsmouth, New Hampshire 

(http://www.al.noaa.gov/2004/) for six weeks in July and August, 2004.   

 Instrument	Description	

Cavity ring-down spectroscopy (CaRDS) is a high sensitivity, direct absorption technique based 

on the measurement of the time constant for single exponential decay of light intensity from an optical 

cavity [40, 41]. Measurement of this time constant in the presence (τ) and absence (τ0) of an absorbing 

species gives an absolute measurement of the absorbance (α, cm−1, also referred to as the absorption 

coefficient or the extinction), and, therefore, the absorber’s number density [(A), molecules cm−3] as 

long as the absorption cross-section (σ, cm2 molecule−1) and the transmission efficiency (TE) for the 

target compound through the inlet system are known: 
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Here c is the speed of light, and RL is the ratio of the cavity length to the length over which the 

sample is present in the cavity, as described below. There are now several varieties of cavity ring-down 

spectroscopy and related techniques such as integrated cavity output spectroscopy (ICOS), using both 

pulsed and cw laser light sources and broadband sources [42-44]. Pulsed CaRDS takes advantage of the 

passive coupling that occurs between nanosecond time scale pulsed lasers and high finesse optical 



W. P. Dube (2018) Cavity ring-down spectroscopy instrumentation for airborne detection of nitrogen oxides 

35 

 

cavities as a result of the overlap of a relatively wide-bandwidth laser source (e.g., Nd:YAG (YAG 

denotes yttrium aluminum garnet) laser pumped dye lasers, Δν ~3 GHz) with multiple cavity resonances 

(free spectral range ~0.2 GHz) and the broadening of cavity resonances in the presence of laser pulses 

comparable to the cavity round trip time [45]. The passive coupling allows optimization of the 

instrument’s sensitivity through the use of mirrors of arbitrarily high reflectivity. The disadvantages of 

pulsed CaRDS include the larger size and power requirements of pulsed laser systems in comparison to 

cw diode lasers, and the laser bandwidth effects [45, 46] that makes the detection of compounds on 

discrete mid or near infrared rovibrational features more difficult. Therefore, for atmospheric 

applications, pulsed CaRDS is most applicable to broad band absorption and/or scattering 

measurements, such as the quantification of aerosol extinction [47] or the detection of visible absorbers 

with wide bandwidths such as NO3 or NO2 [48].  

3.2.1 Optics,	electronics,	and	vibration	isolation	

Figure 3-1 shows the layout of the optical and inlet system for the aircraft NO3 and N2O5 CaRDS 

instrument. Optically, the instrument is similar to the previously described ground-based, two channel 

NO3 and N2O5 instrument [8].  The light source is a small footprint, pulsed, Nd:YAG laser (Big Sky 

Laser, ultra-CFR) pumped dye laser (Dakota Technologies, Northern Lights) that produces ~1 mJ, 6 ns 

pulses at a repetition rate of 33 Hz. The dye laser wavelength is tuned to a point on the broad maximum 

of the NO3 absorption spectrum near 662 nm  [49] that is not resonant with any of the weak, discrete 

water vapor absorptions in this region. Since the 662 nm NO3 absorption band varies only slowly with 

wavelength (bandwidth = 80 cm−1), it is possible to choose an arbitrary point near the peak of the NO3 

absorption band that minimizes the optical absorption due to water vapor. Periodic scans of the water 

vapor absorption spectrum in ambient air between 661–663 nm provided a convenient means of 

calibrating the dye laser wavelength, which was stable to ±0.02 nm. The breadth of the NO3 absorption 

band relative to the linewidth of the dye laser (0.5 cm−1) ensures that there are no laser linewidth artifacts 

in the exponential ring-down traces [45]. The beam from the dye laser propagates through an optical 

isolator and a series of irises and lenses (50–100 cm focal length) to minimize the spot size at the end 

of the optical cavities. A 50/50 beamsplitter separates the laser output into two beams of approximately 

equal intensity, each of which is aligned on the axis of two separate optical cavities.  

Each cavity is a stable resonator of near-confocal geometry, consisting of two 1 in. (25.4 mm) 

diameter, 1 m radius of curvature dielectric coated, high reflectivity mirrors, separated by 93 cm. Each 

mirror is mounted in a purge volume separated from the air sample by an orifice (~1/4 in. (6.4 mm) 

diameter) and purged with dry zero air to maintain mirror cleanliness. The purge volumes have proven 

effective in preventing degradation in mirror reflectivity, which has been observed to remain constant 

or improve slightly, even during extended field deployments of six weeks or longer. The purge volumes 

are mounted in commercial, 2 in. (50.8 mm) optical mounts. Light transmitted through the rear cavity 
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mirror is collected using optical fiber and imaged on to a small, red-sensitive photomultiplier tube 

through a bandpass filter centered at 660 nm to reject the stray light at other wavelengths. Ring-down 

traces are digitized on a 16 bit oscilloscope card mounted in an external peripheral component 

interconnect (PCI) bus and analyzed on a laptop computer. Ring-down time constants are measured at 

1 s time resolution from a linear fit to the natural logarithm of a co-added trace of 33 individual decay 

profiles. Figure 3-2 shows an example ring-down trace and exponential fit at 662 nm. The time constant 

in 830 mbar of laboratory air (in Boulder) is 183 μs, limited mainly by mirror reflectivity rather than 

Rayleigh scattering [50]. The mirror reflectivity, corrected for Rayleigh losses, is 99.9987 % (13 ppm 

total loss, where ppm denotes parts per million). The effective path length, shown on the top axis, is 55 

km for one e-folding time and several hundred kilometers over the five lifetime range over which each 

decay is typically fitted. 

 

 

Figure 3-1: Layout of the optical and inlet systems. 

 

The optical system is mounted on an aluminum breadboard attached to a custom-made steel 

frame that houses the computer, electronics, photomultiplier tubes, flow and temperature controllers, 

laser power supply, dye laser circulators, gas cylinders (NO, zero air, and He), and pumps. Figure 3-3(a) 

shows the arrangement and its mount inside the cabin of the P-3. The overall size and weight of the 
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instrument are 110 cm × 52.5 cm × 88 cm and 135 kg, respectively. Although this instrument is still 

relatively large, it is considerably smaller than our prototype instrument and it meets the requirements 

for installation on the P-3. Further size and weight reductions are anticipated in the future. Vibrations 

are always a concern on a mobile platform, particularly in a propeller-driven aircraft. Previous 

experience with field deployments of the pulsed CaRDS system on a ship [51] has shown, however, 

that it is rather robust with respect to vibration. Thus, the approach to vibration isolation was a bit 

different than typical, i.e. we chose not to vibration isolate the optical table from the frame and the 

support systems. Instead, the optical table was purposely coupled to the frame and the non-vibrating 

support equipment (such as the computer, gas bottles, flow controllers, etc.) This much larger mass was 

vibration isolated from the aircraft and the vibrating support equipment. This additional mass enhanced 

the vibration isolation between the optical table and the aircraft. Vibrations that propagated by the wire-

rope vibration isolators was attenuated, to a degree, by the purposefully supple support frame. 

Moreover, the instruments and support equipment helped damping the leakage vibration before it 

reached the optical table. This approach proved quite successful as there were no vibration-related 

problems during the deployment of the instrument. The instrument’s sensitivity, as measured by the 

precision of the ringdown time constant, was identical to that when the aircraft was on the ground 

without engines running and in flight. 

 

Figure 3-2: Ring-down trace with single exponential fit. 

 

 



W. P. Dube (2018) Cavity ring-down spectroscopy instrumentation for airborne detection of nitrogen oxides 

38 

 

 

Figure 3-3: (a) Schematic of the instrument frame and optical table mounted in the P-3 fuselage. (b) Inlet fast flow 
system and winglet. 

 

3.2.2 Inlet	system		

The inlet system consists of three parts: an initial, fast flow system that brings the air sample 

from outside the boundary layer of the aircraft into the cabin; a filter that removes ambient aerosol from 

the sampled air flow; and a slower flow system that brings the air sample on to the axes of the two ring-

down cells. Aside from the filter housings, all components of the cells and all inlet plumbing are 

constructed of commercial 1/2 in. (12.7 mm) outer diameter (OD) PFA fittings and tubing.  

The sampling position of the NO3 and N2O5 instrument (on its first deployment) on the NOAA 

P-3 is somewhat rearward in the aircraft, where the estimated boundary layer thickness is ~30 cm. To 

ensure sampling of air outside this boundary layer, the fast flow portion of the inlet was housed in a 

winglet [Figure 3-3(b)] that protruded 46 cm from the outer fuselage skin. The sampling tube sheath is 

a thin-wall copper pipe with an internal diameter (ID) slightly larger than 1/2 in. (12.7 mm). This copper 

sheath protects and guides an inner liner made of 1/2 in. (12.7 mm) PFA tubing. The inner liner of the 

sampling inlet can be easily removed and replaced from inside the aircraft cabin. The flow rate through 

the fast flow system is 40–50 liter per minute (LPM), which is the sum of the full capacity of an oil-

free diaphragm pump, measured at 25 LPM, and the controlled flows in the slow flow system, which 

totaled approximately 20 LPM. The flow rate in this section of the inlet is not critical so long as it is 

fast enough to suppress wall loss of NO3 and N2O5 (see below). The slow flow system samples air from 

the fast flow manifold at a branch point just inside the aircraft fuselage. The air sample is filtered in the 

slow flow part of the inlet, immediately downstream of the branch point with the fast flow system. 

Filters are housed in and changed by an automated device, described in the next section. As shown in 
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Figure 3-1, the slow flow system branches into two air samples immediately below the filter, each of 

which is controlled with electronic mass flow controllers at the exhaust and a second diaphragm pump 

common to both flows. The pressure in the ring-down cells is not controlled and varies with the ambient 

pressure on the exterior of the aircraft. To maintain constant residence time within the slow flow 

systems, the data acquisition software sets the two flow rates to a constant volumetric flow as the cell 

pressure changes with aircraft altitude. The flow rate on the ambient temperature side (NO3 detection) 

is 16 LPM volumetric, while on the heated side (N2O5+NO3 detection), it is 8 LPM. These flow rates 

allow adequate residence time for NO titration of NO3 to zero the absorption signal and thermal 

conversion of N2O5 to NO3 while minimizing wall loss.  

Insulation along the common section of the slow flow system serves to minimize the 

temperature rise between the (typically) colder air, sampled outside of the aircraft and the cabin 

temperature. This is important to minimize shifts in the NO3– N2O5 equilibrium, which can lead to an 

artifact in the NO3 signal when the ratio of N2O5 to NO3 is large [52]. The temperature shift is measured 

and the required correction to the NO3 signal modelled accordingly. During the NEAQS 2004 

deployment, this correction was generally less than 2 % but occasionally as large as 15 % in large, cold 

NO2 plumes. As shown in Figure 3-1, an aluminum manifold with Peltier elements maintains a constant 

temperature in the ambient channel along the ring-down axis, including the elbow fittings at the inlet 

and exhaust. The inside of the manifold is machined to the shape of the tubing and the fittings at the 

ends, and is split into a top and bottom half that are bolted together. This design allows periodic removal 

and exchange of the Teflon tubing to help suppress wall losses due to aging of the tubing between 

flights. It also maintains the alignment of the PFA tubing on the center of the optical detection axis. The 

temperature of the manifold is actively set by the data acquisition software to match that of the air flow 

immediately upstream of the manifold. This active temperature control is necessary to suppress 

turbulent flow noise arising from temperature gradients within the sampled air flow. The air sample 

entering the heated channel passes through two different heating stages of 45 cm each. The first is a 

preconverter stage that rapidly heats the incoming airflow and induces rapid thermal decomposition of 

N2O5. The preconverter stage is controlled to remain at a temperature of 120°C using a copper sheath 

wrapped in heat tape and silicone rubber insulation. A second, similarly constructed heating stage with 

a set temperature of 70 or 75°C allows the air sample to cool prior to entering the axis of the ring-down 

cell. Here, a single aluminum manifold, similar to that on the ambient channel but controlled at 70 or 

75°C, maintains a constant temperature in the flow along the entire optical detection region.  

In spite of attempts to maintain constant temperature throughout the flow along the optical 

detection axis, considerable noise in the heated channel was found. The noise is the result, presumably, 

of the temperature gradient between the ambient temperature purge volumes and the heated air sample. 

This gradient may induce some variable thermal lensing at the interface that slightly alters the alignment 

in the optical cavity. Introduction of a mixture of 20 % He in zero air to the purge volumes to 
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approximately match the refractive index of the heated air sample to the cooler purge volume partially 

offsets this noise (~2× reduction). Similar effects have been observed at surface pressure in the ambient 

channel when the air sample was much colder than the purge volumes. In summertime aircraft sampling, 

thermally induced noise was not important on the ambient side since the coldest air was sampled at the 

highest altitude, and the effect was smaller at lower pressures. 

3.2.3 Automated	filter	changer	

The largest component to the visible extinction signal in ambient air is typically due to 

scattering and absorption by aerosol. Not only is the aerosol extinction signal large, but it is also gives 

rise to a statistically noisy CaRDS signal due to small numbers of large, optically active particles in the 

detection volume [47]. Consequently, high sensitivity gas-phase pulsed CaRDS measurements require 

filtering of the aerosol. This requirement poses a significant challenge for the sampling of reactive trace 

gases and leads to by far the largest single source of uncertainty in sampling NO3 and N2O5 with this 

instrument. To minimize loss of NO3 and N2O5, 47 mm diameter, 2 μm pore size, 25 μm thick poly 

tetrafluoroethylene (PTFE) filters (Pall-Gelman) are used. Because of aging effects in the filters (see 

below), the filters are changed typically at 1 h intervals, although in some cases the changes occur more 

frequently. Thus, for the instrument to be fully autonomous, an automated filter changer had to be 

devised and constructed. It is shown in Figure 3-4.  

The filter changer was designed with minimal gas contact surface in the flow path to minimize 

wall losses. Two funnel-like PFA pistons are sealed to either side of the PTFE filter. The pistons are 

withdrawn by applying a vacuum to the back side of the pistons to allow the filter to be exchanged. 

They are then moved back into place and held firmly against the filter by applying compressed air to 

the back sides of the pistons. A rotating disk transports filters from a stack contained in the fresh filter 

reservoir. The fresh filter is then moved into place between the two pistons by the rotating disk. 

Simultaneously, the used filter is moved away from between the pistons and transported to the used 

filter reservoir.  

The interior of the device is sealed from the exterior to allow the filter changer to operate in the 

pressurized cabin of the aircraft. The interior of the filter changer case is vented to the aircraft exterior 

(ambient) pressure. Thus, when the pistons retract to change a filter, there is no significant air movement 

that might buffet the filter or contaminate the inlet. Also, cabin pressure integrity is maintained during 

a filter change. Since the pistons are actuated pneumatically, changes in the ambient pressure on the 

piston faces alter the net force acting on the pistons. Springs are needed to assist withdrawal of the 

pistons at high altitude because the pressure on the piston faces is not adequate to reliably move the 

pistons. The springs are chosen carefully so as to provide adequate force to withdraw the pistons, but 

not so much force that they prevent the pistons from sealing reliably to the filter. 
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Figure 3-4: Schematic of the sealed, automated filter changer. 

 

3.2.4 Zero	acquisition	

The instrument’s zero absorption is determined by addition of a small quantity of NO to the air 

sample, as described previously [8]. Nitric oxide reacts rapidly with NO3 to form NO2 [53], whose 

absorption cross-section at 662 nm is nearly four orders of magnitude smaller than that of NO3 [54].  

NO + NO3  2NO2        (3-4) 

k(298 K) = 2.6×10–11 cm3 molecule–1 s–1      

Addition of ~30 ppbv (parts per billion by volume) of NO just above the filter is sufficient to 

titrate NO3 to >99 % completion prior to entry into the ambient channel (~0.25 s). There is a brief (0.2 

s) purge of the NO addition line with zero air subsequent to the zero acquisition to prevent leakage of 

residual NO from this line into the sample stream during signal acquisition. Contamination of NO2 in 

the NO mixture is small (<10−3 of total NOx present as NO2) and is undetectable as an absorption signal 

in either channel. Reaction of NO with ambient O3 to produce NO2 is too slow to produce a measurable 

signal on the ambient channel. However, on the heated channel, it does generate a small negative offset 

(equivalent to ≤0.3 pptv NO3) because of the longer residence time and the increase in the rate 
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coefficient for this reaction with temperature. This offset is modelled from the residence time in the 

heated inlet and the measured concentration of ambient O3 and then subtracted from the data. 

The combination of 662 nm optical detection and titration with NO provides a highly specific 

detection scheme for NO3 and in the case of thermal conversion to NO3, N2O5 as well [8]. Prior to the 

2004 deployments of the NO3 CaRDS instruments, no evidence for any interfering absorber had been 

observed. During the New England Air Quality Study (NEAQS), we observed a small interference in 

the heated channel that correlated with the observed structure in peroxyacetylnitrate (PAN). This 

interference was typically 1 pptv, with maximum values of 2–4 pptv. It does not affect the interpretation 

of nocturnal results from this instrument, although it is of approximately the same order as N2O5 

observed during the day. Its analysis has been described in a recent publication [55]. 

The NO titration allows periodic zero determination (every 0.5–5 min) without the need to scan 

the wavelength of the dye laser away from the peak of the NO3 absorption spectrum. Variability in the 

background absorption of NO2 and O3, and to a much lesser extent water vapor, can produce small, 

spurious structure in the 662 nm absorption signal. During surface based sampling, the interpolation of 

the baseline variation between subsequent zero measurements is sufficient to track these changes; 

however, large instantaneous changes in O3 and NO2 are commonplace during aircraft sampling. Each 

1 ppbv of O3 or NO2 produces a baseline shift equivalent to 0.1 and 0.15 pptv of NO3, respectively. We 

corrected the instrument baseline for the measured variation in the concentrations of NO2 and O3 prior 

to analysis of the raw signals; the interference from water vapor was exceedingly small. By far the 

largest changes in the instrument baseline are due to Rayleigh scattering as the inlet pressure changed 

with aircraft altitude. Fortunately, these changes tended to be smooth and continuous, so that 

interpolation of the baseline between successive zero acquisitions produced no large, spurious signal 

offsets. 

3.2.5 Sampling	efficiency	and	measurement	accuracy	

There are a number of factors that govern the accuracy of the NO3 and N2O5 measurements, but 

the most important is the inlet transmission efficiency, which is denoted by TE in equation 3-3b. 

Therefore, this section mainly outlines improvements to the inlet system for NO3 and N2O5 detection 

since our previously described prototype instrument [8, 51] had an inlet constructed of 1 in. (25.4 mm) 

diameter glass cells coated with halocarbon wax. The two channel 662 nm absorption measurement 

capability provides a method of accurately determining the wall loss rates for NO3 in different types of 

inlet tubing and the transmission efficiency of various inlet components, (such as the filter and its 

housing) from a measurement of the same NO3 and/or N2O5 sample flowed sequentially through the 

two ring-down cells. Synthetic NO3 or N2O5 samples are prepared from a flow of zero air over 

crystalline N2O5 (synthesized by a standard method [56]) in a trap at −78°C. The sample is diluted twice 
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in zero air and heated, when desired, to convert N2O5 to NO3, giving a sample with a concentration 

range of 109–1010 molecules cm−3 or roughly 40–400 pptv at atmospheric pressure. 

(A) NO3 accuracy 

Figure 3-5 shows a measurement of the wall loss rate for NO3 measured in 3/8 in. (9.5 mm) ID 

PFA tubing. The transmission between the two channels was fitted to an exponential decay as a function 

of the residence time, calculated as the plug flow time between the midpoints of the two ring-down 

cells. Plug flow is appropriate for a system in which the calculated rate constant for diffusion of NO3 to 

the wall of the cylindrical tubing [57, 58]  (kd ~2 s−1) is an order of magnitude faster than the observed 

NO3 loss rate coefficient, and in which the 90° bends in the path between the two ring-down cells tend 

to mix the gas flow at the center with that at the walls. Repeated measurements gave a first order loss 

rate coefficient and associated uncertainty of kloss = 0.2 ± 0.05 s−1. When the instrument is deployed in 

the aircraft, the calculated residence time from the tip of the inlet to the midpoint of the ambient ring-

down cell is ≤0.5 s (≤0.1 s in the fast flow section and ~0.4 s in the slow flow leading to the ambient 

side), giving a total loss of (10 ± 3) % for NO3 to the walls of the tubing.  

 

 

Figure 3-5: Measurement of the wall loss rate (upper trace, solid points) through 1/2 in. (12.7 mm) PFA tubing 
from exponential fit to the ratio of the NO3 concentration measured in two channels against the mean residence 
time between them. Repeated measurements gave a net loss rate of 0.20 ± 0.05 s−1. The lower trace (open circles) 
shows the additional loss due to insertion of the machined, PFA pistons that hold the filter in place. The loss rate is 
similar in this trace, but there is a constant offset indicating a point source loss for NO3 in the flow system. 

 

The lower trace in Figure 3-5 shows the measurement of the transmission through the tubing 

plus the custom-made pistons that hold the membrane filter in place (there is no filter present for the 

data in the figure). The pistons have a machined PFA surface rather than the molded surface present in 

the commercial PFA fittings and tubing in the rest of the inlet system. Although the loss rate coefficient 
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is similar with the pistons in place, the intercept at zero residence time is smaller, indicating that the 

pistons act as a point source loss for NO3. Several measurements using different sets of pistons gave a 

net loss of (10 ± 5) %. Of the materials that were tested (including PFA, PTFE, Kel-f, etc.), machined 

PFA had the lowest surface losses, although the machining process clearly degrades the NO3 

transmission efficiency compared to commercial, molded components.  

The other important loss for NO3 is the Teflon membrane filters themselves. This loss has been 

measured by repeated insertion and removal of a filter into a flow of NO3 in zero air and is (7 ± 2) % 

for clean filters. (Loss of N2O5 on clean filters is negligible.) Our previous measurement showed a 

decrease in the NO3 transmission efficiency through the filters of up to 10 % per hour due to filter aging 

while sampling in ambient air. Thus, filter aging represents a potentially large uncertainty for the NO3 

concentration measurement because the aging rate may vary with the composition of the air mass. There 

are several diagnostics to check for the effects of filter aging while in the field, including discontinuities 

upon change of a filter in the measured concentrations of NO3 and N2O5: the steady state lifetimes of 

these compounds (i.e. their concentrations divided by their production rate from the reaction of NO2 

with O3) and the ratio of N2O5 to NO3. For the majority (>90 %) of all filter changes on the aircraft, 

there was no evidence for filter aging effects, although in a few cases there were clear discontinuities 

across filter changes. Data showing such discontinuities have been either corrected for the estimated, 

time-dependent change in the transmission efficiency or else discarded from the data set. Based on the 

previously reported aging rate for the NO3 transmission efficiency of 10 % per hour and the 7 % 

transmission efficiency for clean filters, the NO3 filter transmission efficiency used for reduction of 

field data is (88 ± 7) %. The net transmission efficiency for NO3 is the product of that for the inlet 

tubing, the filter housings and the filter, or (71 ± 13) %. The nearly 30 % loss of NO3 radicals through 

the current inlet system illustrates the difficulties of sampling this reactive compound.  

The inlet transmission efficiency was also verified by a second method, i.e. conversion of NO3 

to NO2 via reaction equation 3-4, followed by pulsed CaRDS measurement of the resulting NO2 

concentration at 532 nm [48]. This method is currently being developed into an in-field calibration for 

NO3 and N2O5. The net transmission measured from conversion to NO2 was (71 ± 12) % and was 

constant for an inlet that had sampled ambient air over the course of 8 h. The error estimate on the NO2 

conversion test comes from the uncertainties in the cross-sections for NO2 at 532 nm (6 %) [48], the 

NO3 absorption cross-section at 662 nm (10 %) [49], and experimental scatter (3 %). Since the error in 

the two measurements of the transmission efficiency are comparable, the net transmission efficiency 

was taken as (70 ± 13) %. The resulting uncertainty due to inlet transmission in the measured NO3 

concentrations in equation 3-3 is 20 %. 

The remaining uncertainty in the NO3 measurement comes from the cross-section for 

absorption at 662 nm and the ratio of the length over which the air sample is present to the total length 
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of the optical cavity. We have used values for the temperature dependent cross-sections from Yokelson 

et al. [49]. 

           (NO3) = (4.56 – 0.00787 × T[K]) × 10–17 cm2 molecule–1     (3-5) 

The stated uncertainty in the peak cross-section for NO3 is 10 %. The ratio of distance between 

the mirrors to the length over which the absorber is present in the cavity, or RL in equation 3-3b is 

defined by the lengths of the purge and sample volumes shown in Figure 3-1. This value was measured 

both from the physical dimensions of the cells and from the measured visible absorption in the Chappius 

bands due to known quantities of O3, as described previously [8, 59]. The value for RL determined from 

the physical cell dimensions was 1.22, while that determined from O3 absorption was 1.16. The 5 % 

difference was presumably due to diffusion of O3 into the orifices separating the purge and sample 

volumes. (Independent tests determined that it was not due to a limitation in the accuracy of the ring-

down absorption measurement.) For NO3 detection, the RL value was assumed that the value of 1.22 is 

correct, since the more reactive NO3 will be lost to the walls upon diffusion outside of the sample 

volume. However, an uncertainty of 5 % in this quantity was also assumed. Combining the cross-section 

uncertainty (10 %), the uncertainty in RL (5 %) and the transmission efficiency (20 %) yields a net 

uncertainty in NO3 of 25 %. The accuracy of the measured ambient NO3 concentrations is dominated 

by the uncertainty in the inlet transmission efficiency. 
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Figure 3-6: (a) Measurement of the NO3 wall loss rate in the heated system at typical flows, converter, and 
measurement cell temperatures. (b, c) Measurement of the N2O5 conversion efficiency as a function of heated 
channel flow rate and preconverter temperature in the field using two different CaRDS instruments sampling from 
the same manifold. The reference instrument had a flow of 6 SLPM and a preconverter temperature of 120 °C. 
Variation of the flow and temperature on the second instrument showed that the conversion is not a strong function 
of the conditions over a flow range of 4–8 SLPM and preconverter temperature of 90–140 °C. 

 

(B) N2O5 accuracy 

The sampling efficiency for N2O5 depends on its transmission through the ambient temperature 

sections of the inlet prior to the split that divides the flow to the ambient and heated channels, the 

conversion efficiency for thermal dissociation of N2O5 to NO3 and the loss rate for NO3 in the heated 

sections of the inlet. The N2O5 wall loss rate is slow, and the conversion efficiency for thermal 

dissociation of N2O5 to NO3 is essentially quantitative as long as the conditions of inlet temperature and 
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flow have been optimized. Therefore, the wall loss rate for NO3 in the heated inlet is the most important 

contribution to the N2O5 sampling efficiency. Measurement of the heated wall loss rate coefficient for 

NO3 was similar to that described above, except that the test section between the two ring-down cells 

consisted of the preconverter and reaction heater shown in Figure 3-1, and the second ring-down cell 

was heated. Figure 3-6(a) shows that the first order loss rate coefficient was the same as that measured 

at ambient temperature or 0.2 ± 0.05 s−1. In the field instrument, the residence time through the heated 

sections of the flow system to the midpoint of the ring-down cell is 0.7 s, so that the net transmission 

efficiency for NO3 in the heated portion of the inlet is (87 ± 3) %. A verification of this result via 

conversion of NO3 to NO2 as described above gave a transmission for NO3 through this system of (93 

± 12) %. Measurement of NO3 or NO3+ N2O5 at 75°C depends upon the parameterization of the 

temperature dependence of the NO3 absorption cross-sections given above. This cross-section is 

extrapolated from the temperature dependence measured below room temperature, and decreases by 

approximately 20 % between room temperature and 75°C. The high temperature cross-section found in 

the laboratory from conversion of NO3 to NO2 was independently varied by establishing a cross-section 

value of (1.85±0.20) × 10−17 cm2 molecule−1, in good agreement with the extrapolation. A recent 

calculation of the temperature dependence of the NO3 absorption cross-section above room temperature 

[60]  is also in agreement with the extrapolated ones based on Yokelson et al. data [49] and with the 

new measurements. 

Optimization of the conditions of temperature and flow for the conversion of N2O5 to NO3 came 

from tests similar to the wall loss rate measurement in the laboratory and from in-field comparison of 

the aircraft NO3 and N2O5 CaRDS instrument to our second, ground-based instrument. Figure 3-6(b) 

and Figure 3-6(c) show the result of this optimization from the field data under cold conditions (T=264–

266 K) and large NO2 mixing ratio (~20 ppbv) where the predicted ratio of N2O5 to NO3 was >1000:1. 

To test the efficiency of the N2O5 conversion, the conditions in the heated channel on one of the 

instruments were held constant at a flow of 6 SLPM (SLPM denotes standard liter per minute) and a 

preconverter temperature of 120°C, while the heated channel flow and temperature were varied in the 

other instrument. The figure shows that conversion of N2O5 is not a strong function of either temperature 

or flow under these conditions. There is wide latitude to set the flow between 4–8 SLPM and the 

preconverter temperature between 100 and 140°C while still maintaining an N2O5 signal within 90 % 

of its optimum value. Actual flows of 5–6 SLPM, preconverter temperature of 110–120°C, and reaction 

heater and measurement cell temperature of 70–75°C were used for the aircraft measurements during 

the NEAQS 2004 campaign. Although these tests show that conversion of N2O5 to NO3 goes fully to 

its equilibrium value at the 70–75°C temperature of the heated ring-down cell, there is still a small 

fraction of N2O5 that remains undissociated at equilibrium at this temperature. This equilibrium 

necessitates an NO2-dependent correction ranging from 0 %–5 % for NO2 from 0–20 ppbv to the 
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measured sum of NO3+ N2O5 in the heated channel (equilibrium constants from the NASA/JPL 

recommendation [53]). Typical in-flight corrections were less than 2 %.  

Finally, in calculating the concentration of N2O5, it is important to accurately subtract the 

contribution from NO3 to the signal in the heated channel, which can be comparable to or even larger 

than that due to N2O5 for summer conditions. Based on the losses, loss rates, and residence times 

outlined above, the net transmission of NO3 through the entire flow system leading to the heated 

ringdown cell, including the tubing, filter, and filter housings, is (60 ± 15) %.  

The measured N2O5 mixing ratio depends on the sum of NO3 and N2O5, which is measured 

inside the heated channel (denoted SUM), the NO3 mixing ratio derived from the ambient channel, the 

transmission efficiency for N2O5 (T1 below), and the transmission efficiency for NO3 in the heated inlet 

(T2 below), 
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The estimated fractional uncertainty in the quantity of SUM is δ(SUM) = 15 %, taken as the 

linear sum of a 10% uncertainty in the NO3 cross-section and a 5 % uncertainty in RL, as described 

above. The fractional uncertainty in the quantity T2 [NO3] can be taken only as the uncertainty in the 

transmission through the heated inlet since the uncertainties in this transmission efficiency are the same 

as those used to derive the concentration in the ambient channel. This quantity is δ(T2) = 33 %. The 

fractional uncertainty in T1 is δ(T1) = 13 %. Propagating the errors in these quantities gives an expression 

for the uncertainty in the N2O5 measurement, 
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Under conditions where NO3 ≈ N2O5, the uncertainty due to the NO3 subtraction is the most 

important, while for N2O5 >> NO3, the uncertainty depends mainly on the efficiency of N2O5 conversion 

and sampling as described above. The range of values for δ(N2O5) from field data lies between 20 %–

40 % for N2O5 > 5 pptv, but increases to unity for N2O5 < 1 pptv.  

 

3.2.6 Detection	sensitivities	

The detection sensitivity of the CaRDS instrument can be calculated from the limit of equations 

3-3a and 3-3b in which τ approaches τ0 [61] 
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Here Δτ is the smallest measurable change in τ0, normally taken as the standard deviation in τ0 

from repeated measurements. Under laboratory conditions, τ0 ≈180 μs and σ(τ) ≈ 0.03 μs [where σ(τ) 

has been taken as the standard deviation from repeated 1 s measurements], giving αmin =4 × 10−11 cm−1 

Hz−1/2. For a 662 nm NO3 absorption cross-section of 2.2×10−17 cm2 molecule−1, RL value of 1.22, and 

TE value of 0.7, the corresponding detection limit for NO3 is 0.1 pptv at 298 K and 1 atm. In the field, 

the limit is nearly always larger because there is a variable amount of noise on both channels that 

depends on the flow through the ring-down cells, possibly as a result of turbulence in the flow under 

conditions with modest temperature gradients not present in the laboratory. During summer conditions, 

actual detection sensitivities for NO3 varied between 0.2–0.5 pptv (1σ), while under cold conditions at 

low altitude (i.e. higher ambient pressure), the sensitivity for NO3 degrades to as much as 3 pptv. On 

the heated channel for detection of the sum of NO3 and N2O5, the turbulent noise is always large at the 

optimal flow rate for N2O5 conversion. Although matching the index of refraction of the purge volume 

to that of the heated air sample by addition of He to the purge flow helps to suppress this noise, the 

actual detection sensitivity for the sum of NO3 and N2O5 is a variable 0.5–2.0 pptv, with a typical value 

of approximately 1.0 pptv. 

Figure 3-7 shows the Allan variance plots [62] for 800 s segments of NO3 data from the 

laboratory and from the P-3 aircraft during a daytime flight (July 27, 2004). The laboratory data show 

a detection sensitivity of 0.13 pptv (one standard deviation, 1σ, from repeated 1 s measurements) at 1 

s, but average to an optimal detection limit of 0.03 pptv for a 30 s average. The data shown in the figure 

were recorded at a total flow of 1–2 SLPM. Similar detection sensitivities have been observed under 

laboratory conditions at flow rates up to 16 LPM, although flow-dependent noise often degrades the 

detection sensitivity by a factor of two at this flow rate. The data from the aircraft are consistently 

noisier than the best case laboratory data and are also less amenable to signal averaging, with a 1 s 

detection sensitivity for this trace of 0.3 pptv and an optimal detection sensitivity of 0.15 pptv for a 10 

s average. The Allan plots illustrate the degree to which averaging increases the instrument sensitivity 

under low signal conditions. However, the observed concentrations of NO3 and N2O5 in the atmosphere, 

particularly from the aircraft, are so highly variable that signal averaging can result in a significant loss 

of information. Therefore, the 1 s sensitivities are the most appropriate measure of instrument 

performance. 
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Figure 3-7: Allan variance plots of the instrument baseline in the laboratory (plot A) and from the aircraft during 
a daylight flight on July 27, 2004 (plot B). The laboratory data have a sensitivity of 0.13 pptv (1σ) at 1 s but average 
to a detection limit below 0.03 pptv at 30–40 s. The aircraft data are considerably noisier, with a 1 s sensitivity of 
0.3 pptv and a detection limit at 10 s of averaging of 0.15 pptv.  

 

 Results	and	sample	data			

The NO3 and N2O5 CaRDS instrument was deployed on the NOAA P-3 aircraft on March 30, 

2004 for a flight to test instrument performance in advance of the planned deployment during the 

NEAQS field campaign in the summer of 2004. The results illustrate several interesting features of the 

instrument performance. Figure 3-8 shows a flight track for the test flight (upper left panel), a time 

series of the data and the altitude (lower panel), and a plot of the detection sensitivity versus altitude 

(upper right panel). The flight commenced just after the local sunset from MacDill Air Force Base in 

Tampa, FL, where the NOAA Aircraft Operation Center is located, and ran several level legs at 

increasing altitudes to approximately 7 km over the eastern Gulf of Mexico, returning at low altitude 

(~1 km) over populated areas in west central Florida. There was very little NO3 or N2O5 at the higher 

altitude legs on this flight, although there was clear signal on the lower altitude legs over the Florida 
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peninsula, where the aircraft presumably sampled NOx from anthropogenic sources. This was the first 

example of a measurement of NO3 or N2O5 from an aircraft platform (to the best of my knowledge). 

The lack of signal on the higher altitude legs allowed for an assessment of the instrument sensitivity as 

a function of altitude from the statistics on the baseline, as shown in the upper right hand graph of Figure 

3-8. Because the instrument sampled at a modest (<10 mbars) pressure drop from the ambient, external 

pressure, the background ring-down time constant, τ0 increased monotonically with altitude. (Because 

of unfavorable mirror performance on the test flight, the τ0 value at 1 atm was ~160 μs, rather than the 

more typical 180 μs for optimally clean mirrors.) Also, the turbulent flow noise described above tended 

to decrease with increasing altitude, presumably because the Reynolds number in the inlet decreases at 

constant volumetric flow. 

 

Figure 3-8: Results from the test flight of the CaRDS instrument on the NOAA P-3 in March, 2004. Upper left: flight 
track. Lower: time series of NO3, N2O5, and altitude. Upper right: variation of the instrument detection sensitivity 
(lower axis) and ring-down time constant (top axis) with altitude. The increase in sensitivity due to the increasing 
ring-down time constant and reduced turbulent flow noise approximately cancels the decrease in ambient number 
density, leading to a nearly altitude independent sensitivity. 
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Both of these effects tended to increase the sensitivity of the instrument with respect to the 

absolute number density of absorbers. However, the decrease in the ambient number density with 

altitude approximately canceled these increases, and the sensitivity for NO3 in mixing ratio units was 

approximately constant with altitude over a range of 0–7 km. This invariance with altitude suggested 

that the instrument would have worked equally well with an inlet controlled at a constant subambient 

temperature down to roughly 0.5 atm. It further suggested that with higher reflectivity mirrors, at the 

Rayleigh scattering limit, a pressure controlled inlet (or high altitude sampling) could yield a substantial 

increase in detection sensitivity. 

 Summary	and	future	work	

In this article (chapter 3) a pulsed, cavity ringdown spectrometer for in-situ detection of NO3 

and N2O5 from an aircraft is described. The instrument detects NO3 in an ambient channel on its strong 

visible absorption band at 662 nm, and the sum of NO3 and N2O5 in a separate, heated channel via the 

thermal conversion of N2O5 to NO3. It is small enough for deployment on the NOAA P-3 aircraft and 

has performed reliably on that platform for one test flight in March of 2004 and for the duration of a six 

week field deployment in July-August 2004. At a time resolution of 1 s, the best case detection limits 

(1σ) for NO3 and N2O5 are approximately 0.1 pptv, although actual detection limits encountered in the 

field were 0.2–0.5 pptv for NO3 and 0.5–2 pptv for N2O5. Although cavity ring-down spectroscopy is 

an absolute, direct absorption method, the inlet transmission for NO3 and the conversion efficiency of 

N2O5 to NO3 are less than unity and add considerable uncertainty to the determination of their ambient 

concentrations. The estimated accuracy of the NO3 measurement is 25 %, while the estimated N2O5 

accuracy depends on the ratio of N2O5 to NO3 but is generally in the range of 20 – 40 %.  

There are a number of improvements to the instrument currently underway that should improve 

its sensitivity, accuracy, and versatility. The first is the incorporation of an additional 532 nm CaRDS 

measurement for NO2 using a fraction of the 532 nm light used to pump the dye laser, as has been 

recently demonstrated for a ground-based instrument [48]. Detection of NO2 not only provides 

information on an additional, related nitrogen oxide, but also provides a mean to calibrate the inlet 

transmission directly in the field from the conversion of NO3 to NO2 via reaction with NO [36]. Working 

on the reduction of the flow related noise underway, especially on the heated channel, to bring the field 

detection sensitivity closer to that achievable in the laboratory. Future planned deployments include 

experiments at a tall tower near our laboratories in Boulder, CO for vertical profiling of NO3 and N2O5 

and further air quality studies with the NOAA P-3. 
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Abstract: 

Pulsed cavity ring-down spectroscopy is a highly sensitive method for direct absorption 

spectroscopy that has been applied to in-situ detection of NO3, N2O5 and NO2 in the atmosphere from 

a variety of platforms, including ships, aircraft, and towers. In this paper (chapter 4), the development 

of schemes to significantly improve the accuracy of these measurements is reported. This includes the 

following: (1) an overall improvement in the inlet transmission efficiencies (92 ± 2 % for NO3 and 97 

± 1 % for N2O5) achieved primarily through a reduction in the inlet residence time; and (2) the 

development of a calibration procedure that allows regular determination of these efficiencies in the 

field by addition of NO3 or N2O5 to the inlet from a portable source followed by conversion of NO3 to 

NO2. In addition, the dependence of the instrument’s sensitivity and accuracy to a variety of conditions 

encountered in the field, including variations in relative humidity, aerosol loading, and volatile organic 

compound (VOC) levels, was systematically investigated. The rate of degradation of N2O5 transmission 

efficiency on the inlet and filter system due to the accumulation of inorganic aerosol was determined, 

such that the frequency of filter changes required for accurate measurements could be defined. In the 

absence of aerosol, the presence of varying levels of relative humidity and reactive VOC were found to 

be unimportant factors in the instrument’s performance. The 1σ accuracy of the NO3, N2O5, and NO2 
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measured with this instrument are -9/+12, -8/+11, ±6 %, respectively, where the - signs indicate that 

the actual value is low/high relative to the measurement. After improving the instrument the largest 

contribution to the overall uncertainty is due to the NO3 absorption cross-section rather than the inlet 

transmission efficiency. 

 

 Introduction		

The nitrate radical (NO3) and dinitrogen pentoxide (N2O5) are key nocturnal forms of nitrogen 

oxides. NO3 participates in the oxidation of pollutants during the night in the troposphere, [63-65] 

particularly of unsaturated hydrocarbons and sulfur compounds [66]. Hydrolysis of N2O5 on aerosol is 

one of the most important reactions in the conversion of nitrogen oxides to soluble nitrate (NO3
-) in the 

troposphere [67]. NO3 is formed in the reaction of nitrogen dioxide (NO2) and ozone (O3). Since it is 

easily photolyzed by visible light [10], appreciable levels of NO3 can only accumulate in the dark. NO3 

is in a thermal equilibrium with N2O5, which is formed in the reaction of NO2 and NO3: 

 NO2 + O3  NO3 + O2        (4-1)	

NO2 + NO3  N2O5      (4-2) 

Early measurements of NO3 were mostly performed by longpath differential optical absorption 

spectroscopy (DOAS) [9, 17, 18, 68]. Since the past decade, cavity ring-down spectroscopy (CaRDS) 

has been developed as a highly sensitive, in-situ method to detect NO3 [30] and also the sum of NO3 

and N2O5 after the thermal decomposition of N2O5 to NO3 in a heated inlet [1, 29, 31]. Detection limits 

of in the range of a few tenths of a pptv for NO3 (pptv, parts per trillion per volume) at a high temporal 

resolution (in the range of seconds) can be reached for CaRDS. In contrast to the DOAS technique, 

CaRDS instruments sample air into a closed cavity, so that measured concentrations have to be 

corrected for losses of NO3 on surfaces. This places a limitation on the accuracy of the measurement. 

The NOAA CaRDS instruments for detection of NO2, NO3, and N2O5 [1, 48], have been 

successfully deployed in several aircraft and ship missions [69, 70] as well as at ground sites and at a 

tall tower [71]. This article reports the further developments of these instruments that have led to a 

significant improvement in their accuracy. The improvements include the following: changes in the 

instrument’s NO2 detection scheme to allow not only for monitoring of ambient NO2 but also for 

periodic determination of the transmission efficiencies for NO3 and N2O5 via their conversion to NO2; 

changes to the inlet system to reduce the total residence time; and quantification of inlet transmission 

efficiencies through a series of laboratory tests. The latter involved a systematic investigation of the 

possible changes of the instrument’s sensitivity and accuracy under a variety conditions representative 

of those encountered in the field. 
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 Instrument	overview 

A description of the detection principle and operating characteristics of these instruments has 

been given elsewhere [1, 8, 48]; they are briefly summarized in the beginning of this section for 

completeness. CaRDS has become an established direct absorption technique to measure atmospheric 

trace gas concentrations [44, 72]. In the present case, a nanosecond scale laser pulse is coupled into a 

high-finesse cavity and the intensity of the light transmitted through the end mirror of the cavity is 

observed. The intensity [I(t)] decays as a single exponential with a time constant (τ). The detector’s 

background signal is measured prior to the laser pulse and subtracted so that τ can be derived from a 

standard linear fit of the logarithmic signal:  

0( ) exp( / τ)I t I t         (4-3) 

The measurement of a trace gas concentration [A] is accomplished by comparing the fitted ring-

down time constants in the presence (τ) and absence of the absorber (τ0) using the absorption cross-

section (σA) at the probing wavelength:  

  









0A τ

1

τ

1

σ 
A

c

RL        (4-4) 

Here, c is the speed of the light and RL is the ratio of the total cavity length to the length over 

which the absorber is present in the cavity. The background time constant (0) is limited by the mirror 

reflectivity, Rayleigh and Mie scattering of the gas and aerosol present in the cavity, and absorption due 

to trace gases other than the target absorber. 

Figure 4-1 shows the layout of the NOAA aircraft CaRDS instrument ARNOLD, which is 

capable of measuring NO3, N2O5 and NO2 concentrations simultaneously. The extinction of the sampled 

air at 662 nm is measured in two separate cavities. A 6 ns laser pulse (0.5 mJ pulse energy, 50 Hz 

repetition rate) at 662 nm is generated by a Nd:YAG (Big Sky Laser, ultra CFR) pumped dye laser 

(Dakota Technology, Northern Lights). The dye laser wavelength (line width 0.5 cm-1) is tuned out of 

resonance with any of the weak water vapor absorption lines (line width ∼0.3 cm-1 at atmospheric 

pressure, [63]) that lie underneath the peak of the 80-cm-1-wide NO3 band centered near 662 nm. The 

laser light is coupled into the cavity (mirror reflectivity, 99.9995 %; transmission, ≤5 ppmv (parts per 

million by volume); curvature, 1 m; distance, 93 cm) after propagating through an optical isolator and 

a series of irises and lenses to minimize the spot size at the far end of the cavity. Light transmitted 

through the rear mirror is collected using an optical fiber and is imaged on to a small photomultiplier 

tube through a band-pass filter. Figure 4-2 shows an example ring-down trace recorded on a digital 

oscilloscope card at 16-bit resolution. The precision of the ring-down time constants gives the limit of 
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detection (2σ) of the instrument in terms of extinction coefficient to 1×10-10 cm-1, similar to what has 

been reported previously [1]. 

 

 

Figure 4-1: Schematic of the four-channel cavity ring-down instrument for measurements of ambient NO3, N2O5, 
and NO2 concentrations. 

 

The measurement of the ring-down time constant without the absorber, which must be known 

to derive trace gas concentrations (equation 4-4), is accomplished by periodic addition of excess NO to 

the inlet to chemically destroy NO3 via the reaction NO3 + NO  2NO2. This zeroing method is highly 

specific to determine the extinction at 662 nm from all contributions other than NO3 absorption. A 40 

sccm (standard cubic centimeter per minute) flow of a mixture of 100 ppmv NO in nitrogen is added 

for 5 s every 3-5 min. This yields an NO mixing ratio of 0.5 ppmv in the sampled air, which is sufficient 

to completely titrate NO3 in the system before it enters the cavities (NO3 first-order loss rate coefficient 

110 s-1). 
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Figure 4-2: Example ring-down trace at 662 nm for 1-s integration time. The lower panel shows the relative residual 
to the fitted single-exponential decay with a ring-down time constant of 478 μs. 

 

 

Figure 4-3: Left panel: relative NO3 concentration vs residence time in 1/4-in. (6.4 mm) Nylon 11 tubing showing 
that this material is an effective scrubber for NO3. Right panel: transmission of NO2 through a 95-cm length of 
Nylon 11 tubing as a function of NO2 mixing ratio. The average transmission is 99.8 (0.3%, amounting to a 
negligible loss for NO2. 

 

A key difference in the current instrument is a decreased residence time due largely to sampling 

at reduced pressure and due to using smaller diameter cavities and tubing (reduced from 3/8-in. (9.5 

mm) to 1/4-in. (6.4 mm) internal diameter). The total flow through the instrument is 8 SLPM (SLPM 

denotes liter per minute at standard pressure and temperature) of ambient air, which is sampled through 

0.3-0.4-m length of 1/8-in.-o.d. Teflon tubing that serves as restriction leading to a reduced pressure of 

∼350 hPa inside the instrument. The instrument can be operated under active pressure control (MKS 

type 640), in which a small fraction of the total flow is diverted directly to the pump downstream of the 

pressure restriction. 



W. P. Dube (2018) Cavity ring-down spectroscopy instrumentation for airborne detection of nitrogen oxides 

58 

 

There are several advantages to operation at reduced pressure. First, the residence time through 

the inlet and optical cavities is shorter, minimizing the wall loss of NO3 and N2O5. Second, the number 

density of other reactive trace gases and water vapor is reduced such that they are less likely to either 

react with NO3 or adsorb to the walls of the inlet. Third, liquid water may evaporate at lower pressure 

and is less likely condensed on wall surfaces and aerosol where it could enhance wall and filter loss of 

NO3 and N2O5. Fourth, Rayleigh scattering becomes smaller so that the ring-down time constant and 

therefore the effective optical path length is increased. This advantage is only important if the 

contribution of Rayleigh scatter to the overall light loss in the cavity is significant compared to the other 

losses such as the mirror transmission (e.g., for the instrument described here, losses due to both mirror 

reflectivity and Rayleigh scattering at 1 atm are both ∼5 ppm per pass). The reduced pressure does not 

change the Reynolds number for given mass flow rate and therefore does not introduce additional 

turbulence, which can lead to optical noise in the measurement. However, the reduced pressure has the 

disadvantage of reduced number density of the target absorber so that 2σ limits of detection are slightly 

increased (NO3, 0.6 pptv; N2O5, 2 pptv; NO2, 200 pptv) compared to previously reported values [1, 48].  

The sampled air passes through a Teflon filter (PTFE, 2 μm pore size, 25 μm thick) to remove 

particles that can significantly contribute to the extinction measured in the cavity. The filter is 

exchanged regularly (every 0.5-3 h) by a fully automated filter changer [1]. The sampled air is divided 

into two 4 SLPM flows downstream of the filter. One flow passes through a two-stage heater to 

thermally convert N2O5 to NO3 (see below for details) and into a cavity maintained at 75°C. The other 

part of the sampled air enters the second cavity, which is maintained at ambient temperature using an 

actively cooled, aluminum manifold that surrounds the Teflon tubing. Turbulators (additional flow 

restrictions consisting of a short length of twisted, 1/4-in.-o.d. Teflon tubing inserted into the 3/8-in. 

tubing) are present in the tubing upstream of the cavities to ensure that the air is well mixed.  

A second important difference from the previous versions of this instrument is the presence of 

two additional cavities downstream of each of the 662 nm cavities in which the extinction of the sampled 

air at 532 nm is measured, according to the method described by ref 17. A small part (5 %) of the 

ND:YAG laser output is split from the beam that pumps the dye laser and is coupled into these cavities 

(mirror reflectivity, 99.999 %). The geometrical design of the 532 nm cavities and the data acquisition 

are similar to that of the 662 nm cavities. These additional channels are used to measure atmospheric 

NO2 concentrations and also to determine the NO3 losses in the system as described in more detail 

below. 

A 95 cm length of Nylon 11 tubing, which serves as a scrubber for NO3, is placed between each 

662 and 532 nm cavity. It is necessary to destroy the NO3 between the cavities because its absorption 

cross-section at 532 nm is more than 1 order of magnitude larger than that of NO2 [49]. Figure 4-3 (left 

panel) shows the loss of NO3 on the Nylon tubing measured by observing the NO3 extinction at 662 nm 

transmitted through various lengths of the Nylon tubing (first order loss rate, 90 ±10 s-1). Thus, a 95 cm 
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length of Nylon tubing was found to remove NO3 below the level where its optical extinction was 

detectable at 532 nm. The reaction of NO3 with the Nylon surfaces does not lead to NO2 production. 

This was checked by comparing the NO2 measured in the two 532 nm cavities when NO3 was scrubbed 

by Nylon upstream of one of the cavities and titrated via NO upstream of the other cavity. The difference 

between both NO2 measurements were consistent with the increase of NO2 from the titration of NO3, 

whose concentration was measured in the 662 nm cavities. Loss of NO2 on the NO3 scrubber was 

checked by connecting the two NO2 channels with a 95 cm length of Nylon tubing and comparing the 

measurements of NO2 in dry zero air. Although this measurement was carried out in dry zero air, and 

so potentially neglects effects such as conversion of NO2 to HONO on surfaces, recent field 

comparisons of this instrument to other NO2 measurements under conditions of varying relative 

humidity have not revealed any humidity-dependent artifacts. Figure 4-3 (right panel) shows that loss 

of NO2 is less than 0.3 % through the scrubber. Transmission of ozone (not shown here) was also 

quantitative to within 1 %. 

As described previously [48], the determination of the τ0 at 532 nm is accomplished by 

overflowing the inlet with zero air. Although this zero method for NO2 is not as specific as the NO 

titration for NO3, the only interference that we are aware of is optical extinction due to ozone (the ozone 

absorption cross-section is ∼50 times smaller than that of NO2 at 532 nm [59]) Therefore, 532 nm 

extinction due to ozone absorption must be calculated from a separate ozone measurement and 

subtracted from the total extinction in order to determine the NO2 concentration. 

 Instrument	characterization	

4.3.1 Effective	Path	Length	RL	

The calculation of the absorber’s concentration (equation 4-4) requires the knowledge of the 

ratio between the absorption path length and the distance between the mirrors, RL. This ratio is reduced 

compared to the distance of the mirrors because the volumes adjacent to the mirrors are purged with a 

small flow of dry synthetic air (zero air) to keep them clean. An overall flow of 200 sccm of zero air is 

divided into nearly equal parts for each of the eight cavity mirrors using a single-flow controller and 

eight critical orifices. The ratio of the absorption path length and the mirror distance cannot be derived 

simply from the distance between the inlet and outlet of the sampled gas and the distance between the 

mirrors (ratio 1.24), because part of the sampled gas penetrates the purge volumes. Therefore, RL was 

determined by the measurement of a known concentration of ozone, which was produced and measured 

(mixing ratio, 10-500 ppbv) by a standard ozone monitor. This was compared to the ozone absorption 

measured in each cavity by its visible optical absorption in the Chappius bands. The fitted slopes (1.14) 

were similar for all channels with an uncertainty of 3 % due to the ozone monitor (2 %) and the 

absorption cross-section (1 %). 
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4.3.2 Conversion	of	N2O5	to	NO3	

The instrument has two channels in which the extinction of the sampled air at 662 nm is 

measured, one of which is heated to induce thermal decomposition of N2O5 to NO3 in order to determine 

the sum of both trace gas concentrations. The conversion is achieved upstream of the cavity in a two-

stage heater system consisting of heated 3/8 in. (9.5 mm) outer diameter (1/4 in. (6.4 mm) internal 

diameter) Teflon tubing. The first zone (length 31 cm) is kept at a temperature of 140°C (outside wall 

temperature) to heat the gas rapidly to temperatures that ensures that the equilibrium is shifted toward 

NO3. The second zone (80°C, length 16 cm) serves as a relaxation zone to bring the gas temperature 

close to that inside the cavity in order to avoid temperature gradients and thereby reduce turbulent flow 

noise. 

The sample volume inside the cavity of this channel is heated to a constant temperature of 75°C, 

which is sufficient to maintain the equilibrium between the two species on the side of NO3 for typical 

atmospheric concentrations of NO2. The ratio of NO3 to N2O5 at this temperature depends linearly on 

the NO2 mixing ratio in the sampled air. Measurements are corrected for this small equilibrium effect 

by calculating the fraction of N2O5 + NO3 remaining as N2O5 (1 % per 10 ppbv NO2 calculated from 

the equilibrium constant [44, 53, 72]).  

The temperature of the heating zone 1 was optimized in laboratory experiments sampling air 

containing N2O5 from a calibration source (see below). The residence time of the sampled air in the 

heater and the heater temperature were systematically varied. The first was achieved by manipulating 

the flow rates in both channels simultaneously so that only the residence time in the heater and cavity 

was changed but not the overall flow conditions in the inlet and filter system upstream of the cavities. 

The residence time was calculated from the flow rate by assuming plug flow conditions.  

The relative NO3 absorption signal in the heated 662 nm channel as a function of residence time 

for different heater temperatures gives a measurement of the relative conversion efficiency of N2O5 in 

the system (Figure 4-4). It shows a distinct maximum as a function of residence time in the heater at a 

fixed heater temperature. In addition, this maximum increases and is shifted toward shorter residence 

times with higher heater temperature. This can be understood as a competition between thermal 

decomposition of N2O5, limited primarily by heat transfer rather than the unimolecular decomposition 

rate coefficient of N2O5, and NO3 loss on Teflon surfaces at longer residence times. 
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Figure 4-4: Measured dependence of N2O5 detection efficiency (i.e., the product of the conversion efficiency of N2O5 
to NO3 and the transmission efficiency of NO3 through the inlet downstream of the N2O5 conversion) on the heater 
temperature and residence time (symbols). The residence time was varied by changing the flow rate. Measurements 
are compared with results of simple model calculations (solid lines, see text). 

 

These results were confirmed qualitatively by model calculations (solid lines in Figure 4-4) that 

were constrained by an inlet temperature profile and included a first-order NO3 wall loss (k = 0.3 ± 0.1 

s-1; see below). Results are independent of the initial N2O5 mixing ratio at the tip of the inlet. 

A temperature of 140°C of the converter and a flow rate of 4 SLPM lead to a maximum 

conversion efficiency. Together with the results of the absolute transmission efficiencies measurements 

for N2O5 of 98 % (see below), this configuration allows for optimum conversion of N2O5 to NO3. 

In contrast to the heated channel, the ambient channel used for the measurement of NO3 is 

actively cooled to keep the gas temperature similar to ambient temperature. This suppresses unwanted 

thermal decomposition of N2O5 to NO3 and prevents optical noise arising from thermal gradients within 

the ambient channel. However, under conditions of excessive heat load (e.g., aircraft sampling, in which 

the fuselage temperature may be higher than the ambient temperature outside the aircraft), the 

temperature of the NO3 measurement channel may deviate from ambient. In this case, a factor is applied 

for the N2O5 thermal decomposition within the inlet. For aircraft measurements, in which the 

temperature gradients are most severe, the average value of this correction factor is 2 % but can be 

larger (e.g., 20 %) for large NOx plumes (>25 ppbv). 

4.3.3 Determination	of	inlet	transmission	efficiencies		

NO3 and N2O5 are reactive species. Therefore, losses in the inlet system and inside the cavity 

have to be quantified in order to correct concentrations measured inside the cavity to actual, ambient 

concentrations. The correction for NO3 is straightforward because the NO3 concentration is directly 

measured by its extinction at 662 nm: 
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TE(NO3) is the transmission efficiency for NO3 in the ambient channel. 

In contrast, the heated channel measures the sum of N2O5 and NO3. Only that part of the sum 

signal that refers to N2O5 must be corrected for the N2O5 losses by the N2O5 transmission efficiency 

TE(N2O5). It is therefore necessary to subtract the ambient NO3 concentration prior to the N2O5 

correction. However, the NO3 transmission efficiency in the sum channel (TE′(NO3)) may differ from 

that of the ambient NO3 channel (TE(NO3)):  
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Thus, three different inlet transmission efficiencies (equation 4-5 and equation 4-6) have to be 

known to calculate the ambient N2O5 concentration from the two measured extinctions. These were 

determined via two different methods.  

The first method was direct measurement of NO3 and N2O5 losses on various components of 

the inlet system. First, reactive species are lost on the surface of the Teflon tubing. This can be described 

as a first-order loss process, since previous work has shown that the NO3 loss scales with inlet residence 

time [1, 8]. Second, NO3 and N2O5 are also lost on the filter, which acts as a fixed, point loss in the 

system. The loss in the latter was measured by comparing the NO3 absorption from the NO3 or N2O5 

source sampled through the entire inlet including the filter system to that obtained by bypassing the 

filter system with a short piece of Teflon tubing. This yielded in a loss of NO3 in the filter system of 5 

± 2 % and no significant loss of N2O5. Total loss on the filter and its housing are now considerably 

smaller than previously reported (10 ± 5 %, [1]), due largely to improvements in the machining process 

of the filter housing and reductions in the residence time.  

The first-order loss rate of NO3 on 3/8-in. (9.5 mm) outer diameter Teflon tubing was 

determined by measuring the NO3 concentrations as a function of tubing length. A linear fit of the 

logarithmic extinction depending on the residence time in the additional tubing yielded in a loss rate of 

0.3 ± 0.1 s-1 consistent with previous measurements in slightly larger diameter tubing (1/2-in. (12.7 mm) 

outer diameter, 0.2 ± 0.1 s-1 [1]). This results in a wall loss of NO3 in the ambient channel of 3 ± 1 % at 

a residence time of 100 ms between the filter and the center of the cavity. Together with the NO3 loss 

on the filter, the overall NO3 transmission is 92 ± 2 %. Although this measurement was made in dry, 

particle-free air, the experiments described below show that the number is also applicable to ambient 

air that contains water vapor, aerosol, and other reactive trace gases. 

In the case of N2O5, the only significant wall loss occurs subsequent to its conversion to NO3 

downstream of the heater, since N2O5 itself is less reactive toward Teflon surfaces. Thus, the N2O5 
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transmission efficiency is 97 ± 1 % at the given residence of 100 ms between the heater and the center 

of the cavity.  

 

Figure 4-5: Schematic of the NO3 and N2O5 source (upper panel) used to calibrate inlet transmission efficiency for 
NO3 (1) and N2O5 (2). Graphs show the predicted time dependence of NO3, N2O5, and NO2 if the instrument (d, 
inlet system and filter; e/f, heater zone 1/2; g, NO3 cavity; h, NO3 scrubber; i, NO2 cavity) samples from the N2O5 
calibration source (a, cold source; b, heater; c, connection to the instrument). Dashed lines refer to the zeroing 
mode when excess NO is added upstream of the instrument. Heater zones e, f are present only for the N2O5 channel. 
The calibration heater b is bypassed for the N2O5 calibration but used for the corresponding zeroing mode (see text 
for details). 
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A second approach to determine inlet transmission efficiencies is via conversion of NO3 or 

N2O5 to NO2. We have used this method to develop a calibration suitable for use in both the laboratory 

and the field (Figure 4-5). The calibration system consists of a solid N2O5 sample kept at a constant 

temperature below -78°C (dry ice). This is accomplished by actively cooling the glass trap containing 

the crystalline N2O5 with a Peltier-cooled aluminum housing attached to a heat sink, all of which is 

immersed in a dry ice/2-propanol bath. A small flow of zero air (∼50 sccm) is passed over the crystalline 

solid to produce a flow that is saturated with N2O5 at its vapor pressure at the chosen temperature. This 

flow is maintained in order to keep the output from this source more stable and can be diverted to a vent 

line during periods when calibration measurements are not being performed. A carrier flow of 1 SLPM 

ensures a rapid transport from the trap to the inlet of the instrument. The N2O5 is further diluted by ∼10 

SLPM of zero air just prior the instrument’s inlet so that typical N2O5 mixing ratios used for the 

calibration measurements are ∼1 ppbv. As shown in Figure 4-5, the flow from the N2O5 source can be 

directed through a heater at 130°C in order to deliver NO3 instead of N2O5. 

The N2O5 concentration supplied by the calibration source should be a constant determined by 

the vapor pressure of crystalline N2O5 at the set temperature of the trap. However, in practice, this is 

true only under ideal conditions; in general, the output of the N2O5 trap at a given temperature tends to 

vary somewhat with time and with the age of the sample. Therefore, rather than using the N2O5 (or NO3) 

concentration supplied by the trap as an absolute standard for calibration purposes, the infield 

calibration scheme is a comparison of two measurements, one for NO3 and one for NO2 converted from 

NO3 via reaction with NO.  

Figure 4-5 shows a model calculation of relative NO3, N2O5, and NO2 concentrations as a 

function of time during the flow through the inlet for calibration of either NO3 or N2O5 losses 

(distinguished by solid or dashed lines) including the different parts of the calibration source and the 

instrument (indicated by the dashed vertical lines). 

The middle panel of Figure 4-5 describes the determination of the NO3 transmission efficiency 

in either the heated or the ambient channels. The N2O5 from the source (a) is thermally decomposed to 

NO3 and NO2 (b) upstream of the inlet system of the instrument (c). First, NO3 and NO2 concentrations 

are measured in the 662 nm cavity (g) and the 532 nm cavity (i), respectively (solid lines). The 

concentration of NO3 is reduced by losses on the filter, the filter housing (d), the Teflon tubing upstream 

of the cavity (e,f), and in the cavity itself (g). NO3 is removed quantitatively on the Nylon tubing (h) 

between the two cavities. Second, NO3 is titrated by excess NO added upstream of the inlet (c) (dashed 

lines), leading to the production of two NO2 for every NO3. The difference between the two NO2 

measurements (with and without NO titration) is twice the NO3 concentration present at the tip of the 

inlet. The ratio between the NO3 concentration measured in the calibration mode without NO titration 

and half of the difference of the two measured NO2 concentrations, Δ[NO2], gives the NO3 transmission 

efficiency TE(NO3): 
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A similar calibration scheme can be applied to determine the N2O5 transmission and conversion 

efficiency (Figure 4-5 lower panel) using the calibration source in its N2O5 mode. First, N2O5 and NO2 

concentrations are measured in the two cavities (g, i).  These are again compared to the NO2 

concentration, if N2O5 is converted to NO2 upstream of the inlet system. Therefore, the N2O5 is directed 

through the heater within the calibration source (b), which was bypassed during the first measurement, 

to be converted to NO3, which reacts with added excess NO to form NO2 in a 2:1 ratio. The ratio of the 

measured N2O5 concentration and half of the difference of the two measured NO2 concentrations gives 

the N2O5 transmission efficiency:  
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The calibration resulted in a transmission efficiency of 90 ± 3 % for NO3 in both the ambient 

and heated channels and of 98 ± 3 % for N2O5. The precision of these values us given by repeated 

measurements in the laboratory. These determinations are in agreement with the sum of the 

measurements of the losses on individual components of the inlet system described above. 

The calibration source has been operated successfully in the field as well as the laboratory. For 

example, calibrations were carried out before and after each flight during the deployment of the aircraft 

instrument on the NOAA P-3 during the Texas Air Quality Study in August-October 2006 in Houston, 

TX. Measured transmission efficiencies for NO3 were on average somewhat lower than those described 

here (84 %), but N2O5 conversion efficiencies were similar. The decreased NO3 transmission 

efficiencies were consistent with the inlet residence times, which were somewhat longer with the inlet 

design used in that campaign than those described in this paper. 

 Sensitivity	to	aerosol,	VOC,	and	water	vapor	

The sensitivity of the instrument against several possible loss processes that could result from 

sampling in ambient air was investigated (rather than dry, synthetic air), including water vapor, aerosols, 

and VOCs. All test experiments described in this section were performed by using the in-field 

calibration system as a source for either NO3 or N2O5. Different contaminants were added to the dilution 

flow of the calibration system, and measured extinctions with and without the contaminants were 

compared.  

Furthermore, the sensitivity of the N2O5 transmission efficiency to humidified air, which could 

introduce wall losses that are not accounted for by the investigations described in the previous section, 

was determined. The relative humidity of the air used for the dilution of N2O5 sampled from the 

calibration source was varied by mixing a flow of air saturated with water vapor that had been bubbled 
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through a liquid water sample with dry zero air. Relative humidity was measured by a standard 

capacitive hygrometer. N2O5 concentrations at different relative humidities (up to 95 % at room 

temperature (293 K)) were compared to the concentration in dry zero air. The concentration was 

invariant with relative humidity to within 0.7 %. This confirms that N2O5 hydrolysis on Teflon surfaces 

does not affect the N2O5 measurement. This might be partly due to the fact that the pressure in the 

system is significantly reduced so that the partial pressure of water vapor inside the instrument was 

smaller than that in the ambient air. 

Accumulation of aerosol on the inlet filter could result in variable loss of N2O5 (or NO3, 

depending on the aerosol type).  

 

Figure 4-6: Measured N2O5 loss for sampling of inorganic aerosol (NH4)2SO4 in humidified zero air (RH) 78 %) 
and dry zero air. The maximum of log-normal size distribution of aerosols is at a diameter of 100 nm. 

 

To test the effect of this process, aerosols were added to the dilution flow of the calibration 

system. Zero air was humidified as described above to 78 % relative humidity at room temperature in 

three experiments and dry zero air was used in the other experiment. Ammonium sulfate aerosols were 

produced by a collision-type atomizer [73] from a 1 % solution in water. The size distribution was 

measured by a custom-designed differential mobility analyzer showing a center of the number 

distribution of ∼100 nm in all experiments. The aerosol concentration was determined by a standard 

particle counter. Both measurements together were used to estimate the mass load that was applied to 

the instrument. 

Figure 4-6 shows the time evolution of the measured N2O5 relative to the initial N2O5. A rapid 

decrease of the N2O5 signal in all experiments can be observed, indicating that aerosol accumulation on 
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the filter decreases the transmission efficiency. The measured N2O5 signal returned to its initial value 

when the filter in the inlet system was changed indicating that accumulation of aerosols on the filter, 

rather than on the wall of the Teflon tubing, was responsible for the additional loss of N2O5. Thus, 

regular filter changes are necessary to prevent degradation of the transmission efficiency for N2O5. 

All mass loads used during these experiments were large relative to typical ambient conditions 

[67, 69, 70]. The loss was ∼3 %/min on dry aerosol at a mass load of 30 000 μg m-3 and ∼6-15 times 

faster with a comparable mass load at relative humidity of 78 % (Figure 4-6). At a typical mass load in 

polluted ambient air of ∼20 μg m-3, a decrease of 0.12 %/h is expected from a linear extrapolation for 

dry aerosol and a maximum of 2.0 %/h for humid conditions. It can be concluded from these 

measurements that a filter change interval of 1 h is sufficient to avoid N2O5 loss on the filter due to 

accumulation of aerosol under most conditions. However, the automatic filter changer system allows a 

change of filter more frequently if aerosol mass loadings are large. Alternatively, under conditions of 

low particle loading (e.g., remote locations or high altitude), the required interval for filter changes may 

be considerably longer than 1 h. 

A similar test to that of N2O5 uptake on aerosols was performed to investigate a possible 

decrease of the transmission efficiency of NO3 because of the interaction of NO3 with organic aerosols. 

The experiment was performed in the same way as that for the inorganic aerosol, but aerosols were 

produced from an adipic acid solution in water (mass load, 150 μg m-3; maximum aerosol diameter, 100 

nm). However, no decrease of the instrument’s transmission efficiency could be observed over a 

sampling period of 1 h. 

Table 4-1 : Contribution to the 1 accuracy of measured trace gas concentrations. 

 N2O5 (%) NO3 (%) NO2 (%)

Cross-section ±4 ±4 ±3 

RL ±3 ±3 ±3 

Inlet loss ±1 ±2 na* 

Filter aging +3 +3 na* 

Sum -8, +11 -9, +12 ±6 

* not applicable 

 

NO3 is highly reactive toward many hydrocarbons [66]. We tested whether a degradation of the 

system’s transmission efficiencies can be observed if a mixture of reactive hydrocarbons is sampled. A 

GC calibration standard (acetaldehyde 16.31 ppmv, ethanol 8.3 ppmv, n-pentane 7.89 ppmv, acetone 

8.69 ppmv, and isoprene 7.21 ppmv) was diluted by a factor of 4000, resulting in a VOC mixing ratio 
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of 12 ppbv. No significant changes of the measured transmission efficiencies for NO3 or N2O5 could be 

observed when this mixture was sampled over a period of 6 h. Thus, reactive VOC does not appear to 

adsorb on the Teflon surfaces to a large enough extent to significantly affect the transmission efficiency. 

 Accuracy	of	measurements	

The accuracy of measurements achieved with this instrument is summarized in Table 4-1. In 

principle, the accuracy of N2O5 and NO2 measurements also depend on the accuracy and the detection 

sensitivity with which NO3 and O3, respectively, is measured, because only the sum of both is detected 

in this instrument. An explicit expression for taking this into account is given by refs 11 and 17 using 

error propagation. Here, accuracies are given for measurements of single species. 

The overall 1σ accuracy is determined by the uncertainties in the absorption cross-section (±4 

% [49, 60, 74]), path length ratio (RL, ±3 %), and transmission efficiencies (1% for N2O5, 2 % for NO3). 

Because some of the errors in this sum are likely to be systematic (e.g., the absorption cross-

section and relative path length), we have added the contributions to the error linearly rather than in 

quadrature. 

Although to our current understanding the decrease of transmission efficiencies due to the aging 

of the filter is small, if the filter in the inlet system is exchanged regularly, we add the standard deviation 

of the average of measured in-field calibrations during our last field mission (NO3Comp campaign in 

Jülich, Germany) as an upper limit of a possible filter aging. Filter aging adds a loss that would decrease 

the transmission efficiency. Therefore, this contribution to the accuracy is asymmetric and can only 

lead to an increased correction factor for NO3 and N2O5 (+3 % for NO3 and N2O5). 

All contributions add up to an overall 1σ accuracy for N2O5 concentrations of -8, +11 %, for 

NO3 concentrations of -9, +12 % and for NO2 concentrations of ±8 %, where the - signs indicate that 

the actual value is low/high relative to the measurement. NO3 and N2O5 measurements are now 

approximately twice as accurate compared to previous reported values (±25 % for NO3 and ±20 % for 

N2O5 [1]). The largest contribution to the error in the current instrument is now due to the uncertainty 

in the NO3 cross-section itself rather than the inlet transmission efficiencies. 

 Summary	

This article has described the further development of the NOAA pulsed cavity ring-down 

instrument used to measure simultaneously ambient NO3, N2O5, and NO2 concentrations with high 

sensitivity. The most important difference between previous descriptions of this instrument and that 

given in this paper include the following: (1) inclusion of four separate optical cavities, two each at 662 

and 532 nm, with the 532 nm extinction measurements located immediately downstream in the sample 

flow from the 662 nm measurement; (2) reduction in the residence time of the sample air achieved by 
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operating at reduced pressure and in narrower diameter tubing; and (3) inclusion of a calibration for 

inlet transmission efficiencies based on production of either NO3 or N2O5 from a stable source followed 

by titration of NO3 to NO2, which does not undergo significant loss in the instrument. 

Possible losses of NO3 and N2O5 were investigated via a series of laboratory tests. The overall 

NO3 transmission efficiency was found to be 92 ± 2 % while the N2O5 conversion and transmission 

efficiency is 97 ± 1 %. Both values are in agreement with an independent determination of the 

transmission efficiencies using our in-field calibration system (90, 97 %, respectively). As a 

consequence, the accuracy has been significantly increased to -8, +11 % for N2O5 and -9, +12 % for 

NO3.  

Several systematic tests were performed to investigate possible changes of the transmission 

efficiencies against specific contaminations found in ambient air. Whereas gas-phase contaminations 

do not affect instrument performance, accumulation of aerosols on the filter can lead to a significant 

decrease of the transmission efficiency of N2O5. This emphasizes that a regular change of the filter with 

an interval of ∼1 h is required to prevent that the transmission efficiency drops significantly with time 

for atmospherically relevant aerosol mass loads. 
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Abstract: 

A sensitive, small detector was developed for atmospheric NO2 and NOx concentration 

measurements. NO2 is directly detected by laser diode based cavity ring-down spectroscopy (CaRDS) 

at 404 nm. The sum of NO and NO2 (=NOx) is simultaneously measured in a second cavity by 

quantitative conversion of ambient NO to NO2 in excess ozone. Interferences due to absorption by other 

trace gases at 404 nm, such as ozone and water vapor, are either negligible or small and are easily 

quantified. The limit of detection is 22 pptv (2σ precision) for NO2 at 1 s time resolution. The conversion 

efficiency of NO to NO2 is 99 % in excess O3. The accuracy of the NO2 measurement is mainly limited 

by the NO2 absorption cross-section to ±3 %. Because of the formation of undetectable higher nitrogen 

oxides in subsequent reactions of NO2 with ozone in the NOx channel, the (1σ) accuracy of the NOx 

measurement is increased to approximately ±5 % depending on the level of NOx. The new instrument 

was designed to be easily deployed in the field with respect to size, weight and consumables. 

Measurements were validated against a photolysis/chemiluminescence detector during six days of 

sampling ambient air with collocated inlets. The data sets for NO2, NO and NOx exhibit high correlation 

and good agreement within the combined accuracies of both methods. Linear fits to the correlation data 

for all three species give similar slopes of 0.99 in ambient air. 
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 Introduction		

Nitrogen oxides, NOx (=NO and NO2), emitted from both natural (e.g. soil, lightning) and 

anthropogenic (e.g. combustion) sources, play a vital role in many aspects of atmospheric chemistry. 

For example, the cycling process between NO and NO2 is the only known mechanism for ozone 

production within the troposphere and affects air quality and oxidant burdens on both regional and 

global scales [75]. Because of their importance, many direct and indirect techniques to measure both 

NO and NO2 have been developed over the past decades. Nitric oxide (NO) is most commonly measured 

by its chemiluminescence (CLD) reaction in excess O3 to produce electronically excited NO2. The 

method is readily extended to NO2 using a heated molybdenum surface or a photolytic converter to 

convert some fraction of NO2 to NO [76, 77]. While CLD methods are available as both commercial 

and custom built, research grade instruments, they require toxic excess reagents (e.g. NO, O3) and 

vacuum systems. Furthermore, the indirect NO2 detection may be subject to interference from 

conversion of compounds other than NO2 to NO in commercial instruments [78, 79]. It is thus less 

precise than the NO detection due to the requirement for subtraction of two signals, and requires careful 

calibration of the NO2 conversion fraction. Direct detection methods for NO2 via, for example, mid 

infrared tunable diode laser spectroscopy (TDLS) [80] and laser induced fluorescence (LIF) [81] have 

addressed concerns related to interference in the NO2 to NO conversion process. During the past decade, 

cavity ring-down spectroscopy (CaRDS) and its related forms, cavity enhanced (CEAS) and attenuated 

phase shift spectroscopy (CAPS) have become powerful techniques to detect atmospheric trace gases 

[44] and have been applied to NO2 detection [82-84]. The capability to also detect NO indirectly in such 

instruments by its conversion to NO2 in excess O3 has been suggested only recently for LIF [85] or 

CaRDS [86], although quantitative conversion has not been demonstrated for either case.  

Here, we report the design and validation of an instrument for detection of NO2 and total NOx 

(=NO + NO2) using a visible (404 nm) diode laser, based on the CaRDS technique (NOxCaRD). This 

instrument has several key advantages compared to those described in the recent literature [44, 82-84, 

86] and is demonstrably superior to our previously reported, pulsed CaRDS instrument for NO2 

detection at 532 nm [48]. First, the light source is a simple, lightweight, low power, commercially 

available Fabry-Perot diode laser. The bandwidth of this source (0.5 nm) is sufficiently wide for passive 

coupling of the light source to an optical cavity without the need for a complicated scheme to match the 

laser frequency to the cavity resonances. Second, because NO2 absorption is the dominant gas phase 

extinction at 404 nm, the method is not subject to interferences from ozone at ambient levels. This is 

particularly important because it allows quantitative conversion of NO to NO2 with excess ozone such 

that the sum of both is detected as NO2 in a second, parallel channel. Third, the instrument has reduced 

requirements for size, power, weight, and vacuum, especially compared to methods such as CLD, and 

no requirement for toxic reagents (the O3 mixing ratio is much smaller (15 ppmv) compared to the 

requirement of CLDs (few percent)). Fourth, the limit of detection (LOD) is sufficient for NOx 



W. P. Dube (2018) Cavity ring-down spectroscopy instrumentation for airborne detection of nitrogen oxides 

72 

 

measurements even in remote regions (LOD(2σ) = 22 pptv in 1 s, 7 pptv in 10 s), and is better than that 

reported to date for other CaRDS instruments and comparable to other direct NO2 methods (e.g. 

absorption detector: 40 pptv, 2σ, 10 s [87], fluorescence detector: 15 pptv, 2σ, 10 s [81]). Fifth, the 

instrument has a rapid time response (1 s), potentially enabling measurement from mobile platforms 

such as aircrafts. Lastly, the validation methods described herein demonstrate accuracy better than 3 % 

for simultaneous measurement of NO2 and total NOx over a wide dynamic range. 

 Experimental	aspects	

5.2.1 NO2	detection	by	cavity	ring‐down	spectroscopy	

Cavity ring-down spectroscopy is a powerful, highly sensitive method to detect various 

atmospheric trace gases. A detailed description of its principle can be found elsewhere [44] and is only 

briefly described here. Light from a continuous wave (cw) diode laser (Power Technology, Fabry-Perot 

diode model IQμ series, 40 mW output power), aligned on the axis of a two-mirror optical cavity, is 

modulated on/off. After the buildup of light intensity in the cavity during the on-time, the time 

dependence of the light intensity transmitted through the end mirror is observed subsequently to rapidly 

turning off the laser. The time constant of the exponentially decreasing intensity gives a direct extinction 

measurement. The time constant with (τ) and without (τ0) the absorber present in the cavity is used to 

calculate the number density of the absorber by  
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where, 
2NO  is the absorption cross-section, c is the speed of the light, and RL is the ratio of 

the total cavity length to the length over which the absorber is present in the cavity (see below).  

A schematic overview of the optics and air sampling system is shown in Figure 5-1. The output 

of a diode laser with a center wavelength at 403.96 nm and a line width of 0.5 nm (full width half-

maximum) is directly modulated by a square wave signal (on/off) at a repetition of 2 kHz with a duty 

cycle of 50 %. The laser shut off time (<1 μs) is much shorter than the observed time constants. The 

broadband laser output has been found to couple directly into the cavity without, for example, a 

requirement for active matching of any mode structure present in the laser output to the resonant 

frequencies of the cavity or a scheme to increase the cavity mode density [32, 88]. The cavity mirror 

reflectivity is 99.9965 % (total loss 35 parts per million per pass, ppm) as determined from ringdown 

time constants larger than 44 μs for a mirror separation of 95 cm in dry zero air at ambient pressure in 

Boulder, CO (1600 m ASL, p) 840 hPa). Extinction due to Rayleigh scattering at this pressure is 30 

ppm/pass, comparable to mirror reflectivity, necessitating measurements of temperature and pressure 

in each cavity to track variation in the background ring-down time constant with the air sample number 
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density. Small purge flows (30 cm3 per minute of zero air at each mirror) are used to maintain mirror 

cleanliness. Consequently, the ratio of the total length to the length over which the absorber is present, 

RL in equation 5-1, is larger than unity. This value was measured as 1.14 in earlier experiments for an 

instrument with identical cavities [2]. 

 

Figure 5-1: Schematic view of the two channel cavity ring-down instrument for atmospheric NO2 and NOx 
measurements. NO2 is directly detected in one channel and the sum of ambient NO2 and NO is detected in the other 
by converting NO to NO2 in excess O3. 

 

Air is sampled through Teflon lines (2 L per minute for each cavity) and filtered by a Teflon 

filter (1 μm pore size, but removes much smaller particles when used in gas, rather than liquid sampling) 

to remove optically active particles. Laser, turning optics and cavities are mounted in a cage system that 

is constructed from eight carbon fiber rods (outer diameter 12.8 mm, length 1 m) that have a small 

thermal expansion coefficient in order to minimize the sensitivity of the alignment to temperature 

changes of the environment. The ring-down time constant without the target absorber NO2, τ0 in 

equation 5-1, is measured in an excess flow of zero air for 5-10 s every 5-10 min. This frequency of 

zero measurements was found to be sufficient to track drifts in the zero ringdown time constant. Zero 

air time constants are linearly interpolated between two measurements in the data evaluation. Ring-

down time traces are acquired with an oscilloscope card (14 bit, 2.5 MS/s sampling rate), and 1600 

traces per second are averaged in order to achieve an overall time resolution of 1 s. The time constant 

is fitted to a single exponential decay with three parameters (time constant, amplitude, offset) by using 

general least-squares error fit (Levenberg-Marquardt) of the averaged ring-down trace, which offers no 

significant loss in accuracy compared to averaging fits of individual traces and is computationally more 

efficient [8]. The relative residual of the fit function is invariant with time to within 1 %. 
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5.2.2 Chemical	conversion	of	NO	for	detection	of	NOx	

As shown in Figure 5-1, the instrument incorporates two separate cavities, one of which 

provides a measurement of total NOx subsequent to conversion of NO to NO2 in excess O3. The 

conversion is essentially quantitative.  

NO + O3  NO2 + O2                  (5-2) 

Ozone is produced from O2 photolysis at 185 nm by flowing 12 cm3 per minute of oxygen over 

a low pressure discharge mercury lamp (mixing ratio is approximately 15 ppmv after mixing with the 

sampled air). The small but nonzero O3 absorption at 404 nm reduces the ring-down constant by 

approximately 0.2 μs and provides a direct measure of the amount of added O3 via periodic switching 

of the ozone flow to a vent line with a solenoid valve. The periodic switch also serves to compare 

ambient NO2 measurements in the absence of added O3 in both channels to define any small, intrinsic 

differences between them, such as dilution due to mirror purge flows. This is crucial if NO 

concentrations are small, because measurements of the two channels are subtracted to calculate the NO 

concentration. 

A length of Teflon tubing (length 36 cm, i.d. 9.5mm) serves as reactor for the NO conversion, 

which is quantitative (>99 %) within the 0.9 s residence time of the reactor at 20°C [72]. A linear 

response over the entire atmospherically relevant range in NO (at least to several hundred ppbv) is 

expected because the reaction kinetics are pseudo-first order in large excess of ozone. Further oxidation 

of NO2 to NO3 and N2O5 is much slower and results in a maximum correction of 2 % to the NOx 

measurement as discussed below. 

 Results	and	discussion	

5.3.1 NO2	detection	performance		

The effective absorption cross-section for NO2 at 404 nm was determined by sampling known 

NO2 concentrations produced by quantitative conversion of ozone to NO2 in excess NO and by reference 

to the existing, 532 nm NO2 CaRDS instrument. The resulting value of 6.1 × 10-19 cm2 is consistent 

with a calculation in which the laser line width, which was measured by a high resolution spectrograph, 

is convolved with several independent, high resolution measurements of the NO2 absorption cross-

section around 404 nm reported in literature (5.9 × 10-19 cm2 [89]). The accuracy of this measurement 

of 3 % is given by the uncertainty of the ozone concentration which was measured and produced by a 

commercial ozone monitor/calibrator (Thermo Electron, model 49i, accuracy 2 %) and the uncertainty 

in the dilution of the ozone flow (1 %). Any uncertainty of the measurement of RL (see above) is 

included in this accuracy, since the calibration procedure determines the ratio of σ/RL directly, so that 

the choice of RL is somewhat arbitrary (equation 5-1). The dependence of the absorption cross-section 

on temperature is small [89] and suggests at most a modest effect within the operational temperature 
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range of the instrument, i.e. a change of -2.2 % is expected between 293 and 260 K. The spectral output 

of the laser is stable on the time scale of measurements, and no drift of the center wavelength was 

observed over several months. The diode is also temperature stabilized at 25°C so that the temperature 

in the instrument does not affect the center wavelength. Even small changes in the diode temperature 

due to, e.g. the precision of the temperature control loop would only lead to negligible changes in the 

output since diode lasers at this wavelength are much less sensitive to temperature compared to, e.g. 

laser diodes with outputs at longer wavelengths. 

The baseline precision of the NO2, NOx, and NO measurements was investigated by continuous 

sampling of zero air for a period of 12-16 h. Equivalent mixing ratios were calculated for conditions of 

1013 hPa and 20°C. Figure 5-2 shows the 1σ precision for integration times between1s and 10 min. The 

precision approximately follows a square root dependence up to an integration time of 1 min (i.e. 11 

pptv at 1 s and 2 pptv at 1 min). The baseline does not show a long-term trend, indicating that the 

number and duration of the zero data acquisition scheme described above are sufficient. Figure 5-2 also 

shows the precision of NO detection while sampling a constant NO mixing ratio of 43 ppbv in zero air. 

The precision again follows approximately a square root dependence up to an integration time of 1min 

increasing the precision from 100 pptv (1 s) to 11 pptv (60 s). This high precision of measurements 

(<0.3 %) indicates the reliability of the NO conversion in addition to the low baseline noise. Acquisition 

of zero measurements in zero air makes this instrument vulnerable to interferences due to any other 

species contained in the sampled air that absorbs at 404 nm. To our knowledge, the only species that 

are of significant concern are water vapor and R-dicarbonyls. In reference [86] a large water vapor 

interference of a CaRDS instrument detecting NO2 at 405 nm was reported, which is not consistent with 

the known spectroscopy of water vapor [90]. This possible interference was investigated carefully here. 

Zero air containing different levels of water vapor (relative humidity: 10-80 %) was sampled and the 

extinction measured. The result (Figure 5-3) clearly shows a linear decrease of the extinction with 

increasing water vapor rather than an increase due to absorption, contradictory to the results of reference 

[86]. The slope of the linear fit gives a cross-section difference between water vapor and dry air of 0.5 

× 10-26 cm2. This change is consistent with a Rayleigh scatter cross-section for water vapor that is 

approximately 70 % smaller than that of dry zero air (σRay(air) = 1.61 × 10-26 cm2) [91], in agreement 

with theoretical calculations and measurements [92]. Thus, only a well-understood correction is 

required to account for the difference in Rayleigh scattering between the dry zero air used for 

background measurements and humid, ambient air. For example, at 80 % RH (22°C), this correction is 

equivalent to 150 pptv NO2. Water vapor variations for ambient air during ground-based sampling are 

typically on a time scale much longer than the repetition rate of CaRDS measurements and that of 

instruments measuring the water vapor so that this correction is unlikely to reduce the precision of NO2 

measurements. 
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Figure 5-2: Dependence of 1σ precision on integration time (Allan deviation plot) from a 16 h period of 
measurement in zero air. The upper panel shows the time series of the equivalent NO2 mixing ratio at 1013 hPa and 
20 °C The middle panel shows a period of measurement of a constant NO mixing ratio of 43 ppbv. The dependence 
of the calculated 1σ precision on the integration time between 1 s and 10 min for the baseline measurement and 
sampling of NO is shown in the lower panel. The dashed line is the precision expected for purely random noise. 

 

In contrast to CaRDS instruments that measure NO2 from optical extinction at longer 

wavelengths, such as 532 nm, there is no significant interference from ozone absorption at 404 nm, 

because the ozone absorption cross-section is approximately 4 × 104 times smaller than that of NO2 (

3O =  (1.49 ± 0.01) × 10-23 cm2). The absorption cross-section of O3 was determined here 

experimentally by comparing the 404 nm and the 532 nm extinctions for various ozone concentrations. 

The measurement is within the range of the different literature values, although spectra differ from one 

another by more than an order of magnitude at this wavelength [93].  

The only significant trace gas interference we are currently aware of is due to absorption of R-

dicarbonyls, principally glyoxal and methyl glyoxal, whose absorption cross-sections are approximately 

ten times smaller than that of NO2 at 404 nm [94, 95]. Glyoxal is a product of the photo-oxidation of 

VOCs. Glyoxal mixing ratios up to 1.85 ppbv (e.g. Mexico City) have been observed in highly polluted 

environments [96], although concentrations were less than 10 % of NO2, thereby contributing an artifact 

that is less than 1 % of the reported NO2 mixing ratio. In forested environments, smaller levels of up to 

200 pptv have been observed [97], constituting an interference up to 20 pptv for NO2.  



W. P. Dube (2018) Cavity ring-down spectroscopy instrumentation for airborne detection of nitrogen oxides 

77 

 

All NO2 detectors can exhibit interferences due to thermal decomposition of thermally labile 

species like N2O5, peroxyacyl nitrates (PANs) and pernitric acid (HO2NO2) in the inlet system. These 

interferences are minimized in this instrument by maintaining the temperature and pressure at near 

ambient conditions to minimize thermal decomposition of such labile species. For example, the optical 

head can be mounted in a weather-proof enclosure at the point of sampling to maintain it at ambient 

temperature. Field tests of this strategy have so far been successful under summer conditions with 

diurnal temperature variations of up to 20°C. Finally, conversion of NO to NO2 in ambient ozone within 

the inlet system can comprise a small (typically about 2 % of ambient NO for a 1 s inlet residence time) 

but correctable artifact to the NO2 measurement, as has been discussed for other NO2 instruments in the 

recent literature [48]. 

 

Figure 5-3: Dependence of the measured extinction at 404 nm on varying levels of water vapor added to a constant 
flow of zero air. The resulting decrease in extinction with increasing water vapor concentration is due to smaller 
Rayleigh scatter cross-section of water compared to zero air. 

 

5.3.2 NO	conversion	efficiency	

Because the rate constant for the conversion reaction 5-2 is strongly temperature dependent 

[72], the optimization of the sampling conditions (i.e., residence time, ozone concentration) to achieve 

a conversion efficiency >99 % at 20°C requires a small but straightforward correction at other 

temperatures based on the assumption of pseudo first order loss of NO in excess O3. The efficiency of 

the NO to NO2 conversion reaction in excess O3 (equation 5-2) is also limited by the formation of higher 

nitrogen oxide species from further oxidation of NO2:  

NO2 + O3  NO3 + O2       (5-3)               

NO3 + NO2   N2O5              (5-4) 
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The conversion efficiency was determined experimentally by sampling zero air that contained 

a constant NO concentration and varying the excess ozone concentration. The absorption cross-section 

of NO3 and N2O5 are not significant [10, 98] at 404 nm so that these species are not detected. The 

measurement agrees well with results from numerical model calculations including reactions between, 

O3, NO, NO2, NO3, and N2O5. Because the correction for production of NO3 and N2O5 would be less 

than 1 % for the likely range of atmospheric sampling parameters, measurements are not explicitly 

corrected for this loss, but the additional uncertainty is reflected in the larger quoted accuracy for the 

NO measurement.  

The reaction time was calculated from the same measurement for low ozone concentrations, 

where the formation of NO3 and N2O5 is negligibly small, by fitting these data to a single exponential. 

This results in a reaction time of 1 s which is consistent with the residence time calculated from the 

assumption of plug flow in the reactor at the measured total flow rate. Tests of the stability of the 

conversion efficiency by comparison of CLD and CaRDS measurements of NO (where the latter is the 

difference of CaRDS NO2 and NOx measurements) generated upon repeated additions of an NO 

standard to zero air over a period of 16 h showed variability smaller than 1 % (2σ).  

Under conditions where NO is absent, the loss of NO2 on the NOx channel due to oxidation by 

ozone is more rapid since it begins immediately after mixing of ozone into the sample air rather than 

subsequent to the conversion of NO. The loss rate is sensitive to temperature as well as to the NO2 level, 

because of the increase of the NO2 + O3 reaction rate constant with increasing temperature. It rises by a 

factor of 2 within the temperature range of 0-35°C (operational temperature range of the instrument) 

and it changes by 25 % over a range of NO2 mixing ratios from 0.1 to 160 ppbv. Our current approach 

is to neglect the dependence on the NO2 concentration, which adds to the uncertainty of the NOx 

measurement, but to apply a linear correction that depends on temperature derived from a fit of the 

dependence of the calculated loss rate on temperature. 

5.3.3 Comparison	of	instruments	

Measurements of the new CaRDS instrument were validated by comparison to measurements 

with a photolysis/chemiluminescence detector.  

First, measurements were compared for artificial mixtures of NOx in synthetic air with variable 

amounts of NO and NO2. An NO standard (Scott Marin) was mixed into synthetic air producing variable 

NO concentrations. Various amounts of ozone were added to convert part of the NO to NO2 to achieve 

NO2 to NOx ratios up to 95 %. Correlations of measurements for all three species are highly linear and 

exhibit similar slopes of 0.99 with a negligible intercept.  

Variability of both NO and NO2 during ambient measurements was largely due to local NOx 

sources from passing cars and a nearby construction project at the measurement site. This variability 
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tested both the time response and dynamic range of the CaRDS NOx instrument, with NO2 mixing ratios 

from 0.1-120 ppbv and NO mixing ratios from below the detection limit (at nighttime) up to 300 ppbv 

(1 s time resolution). Figure 5-4 shows time series and correlation plots for ambient NO2, NOx, and NO. 

Data were averaged to 1 min time resolution (6300 points for NO2 and NOx, 4000 points for NO, as 

described below) to average over synchronization differences between instruments in rapidly varying 

plumes. During the first part of the comparison, the CaRDS instrument was configured with the NOx 

channel in series with the NO2 channel, leading to larger scatter in NO derived from the subtraction due 

to timing errors in the measurements at the 1 s time scale. NO data is not shown for this period. During 

the latter part of the comparison, the channels were configured in parallel, as shown in Figure 1, 

although there was still some scatter apparent in the data, due most likely to synchronization of the 

subtraction between the channels. Slopes, intercepts (unity and zero, respectively, to within fit errors) 

and correlation coefficients (R2 > 0.99) for the instrument comparison are shown in the figure. 

Agreement between instruments was excellent, although there was considerably larger scatter in the 

NO data, likely arising from subtraction between imperfectly synchronized NO2 and NOx channels for 

the September, 2008 comparison.  

Results from a separate experiment to test the performance of the NO measurement only, 

conducted in May 2009, are shown in Figure 5-5. This test included sampling of synthetic NO in zero 

air, during which the repeatability of the NO conversion was demonstrated, and additional 

measurements in ambient air. Figure 5-5 shows only the NO data from the ambient air test since the 

NO2 channel of the CLD was not operating at this time. Sampling was conducted from a shared inlet, 

rather than co-located inlets, in order to better facilitate instrument comparison on a 1 s time scale. 

Correlation of the NO measurements was substantially improved, even at 1 s time resolution, indicating 

that one driver of variability of scatter in the previous measurement was the separation of inlets.  

The comparisons of the 404 nm CaRDS to a standard, research grade instrument for NO2 and 

total NOx has demonstrated the potential of  CaRDS for accurate, sensitive and rapid measurements of 

these compounds in a relatively simple instrument package. The direct measurement of NO2 by this 

technique may represent an improvement over the indirect measurement utilized in CLD instruments. 

The indirect measurement of NO is less precise than the direct CLD measurement, but will be useful in 

polluted regions where sensitivity or precision below 0.1 ppbv is not as critical. 



W. P. Dube (2018) Cavity ring-down spectroscopy instrumentation for airborne detection of nitrogen oxides 

80 

 

 

Figure 5-4: Time series and correlation between the 404 nm cavity ring-down instrument and the 
chemiluminescence detector for ambient NO2, NO and NOx measurements in September 2008 for 1 min averaged 
data. Slope and intercept of linear fit (blue line) demonstrate good agreement between both measurements. 

 

 

Figure 5-5: Comparison between measurements of the 404 nm cavity ring-down instrument and the 
chemiluminescence detector for ambient NO and NOx measurements in May 2009 for 1 s data. 
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Abstract 

This article presents a diode laser-based, cavity ring-down spectrometer for simultaneous in-

situ measurements of four nitrogen oxide species, NO3, N2O5, NO, NO2, as well as O3, designed for 

deployment on aircraft. The instrument measures NO3 and NO2 by optical extinction at 662 nm and 405 

nm, respectively; N2O5 is measured by thermal conversion to NO3, while NO and O3 are measured by 

chemical conversion to NO2. The instrument has several advantages over previous instruments 

developed by our group for measurement of NO2, NO3 and N2O5 alone, based on a pulsed Nd:YAG and 

dye laser. First, the use of TTL modulated diode lasers reduces the requirements for power and weight 

and eliminates hazardous materials. Second, detection of NO2 at 405 nm is more sensitive than our 

previously reported 532 nm instrument, and does not have a measurable interference from O3. Third, 

the instrument includes chemical conversion of NO and O3 to NO2 to provide measurements of total 

NOx (=NO+NO2) and Ox (=NO2+O3) on two separate channels; mixing ratios of NO and O3 are 

determined by subtraction of NO2. Finally, all five species are calibrated against a single standard 

based on 254 nm O3 absorption to provide high accuracy. Disadvantages include an increased 

sensitivity to water vapor on the 662 nm NO3 and N2O5 channels and a modest reduction in sensitivity 
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for these species compared to the pulsed laser instrument. The in-flight detection limit for both NO3 and 

N2O5 is 3 pptv (2σ, 1 s) and for NO, NO2 and O3 is 140, 90, and 120 pptv (2σ, 1 s) respectively. 

Demonstrated performance of the instrument in a laboratory/ground based environment is better by 

approximately a factor of 2–3. The NO and NO2 measurements are less precise than research-grade 

chemiluminescence instruments. However, the combination of these five species in a single instrument, 

calibrated to a single analytical standard, provides a complete and accurate picture of nighttime 

nitrogen oxide chemistry. The instrument performance is demonstrated using data acquired during a 

recent field campaign in California. 

	

 Introduction  

The nitrate radical, NO3 and its reservoir species, dinitrogen pentoxide (N2O5) are important 

trace gases in the nocturnal atmosphere [10]. NO3 is formed by reaction of ozone with NO2 (reaction 

equation 6-1) and reacts with NO2 to reversibly form N2O5 (reaction equation 6-2).  

NO2 + O3    NO3 + O2           (6-1) 

   NO2 + NO3    N2O5       (6-2) 

 These species are typically present at very modest levels during daytime (less than 1 

pptv) because NO3 undergoes rapid photolysis and reaction with NO, which is present during the day 

and in close proximity to large NOx emission sources during the night.  

NO2 +  h    NO2 + O           (6-3) 

         NO + O2 

           NO3 + NO    2NO2         (6-4) 

The nitrate radical is a strong oxidant and is consumed by reactions with biogenic VOCs and 

sulfur compounds, and some classes of highly reactive anthropogenic VOCs [66]. N2O5 undergoes 

heterogeneous uptake to aerosol. Its hydrolysis leads either to non-photochemical conversion of NOx to 

soluble nitrate via production of HNO3 [99], or to activation of photolabile halogens through formation 

of nitryl chloride, ClNO2 [6, 100]. Thus, NO3 and N2O5 are intermediates in a number of important 

atmospheric chemical transformations, and understanding their atmospheric concentrations is an 

important topic of current research.  

Much of the prior database for understanding these processes was based on measurements of 

NO3 by differential optical absorption spectroscopy (DOAS) over a long, open path or by passive 

techniques using natural light sources [18, 19, 68]. Such measurements have been extremely useful in 

developing an understanding of the factors that govern nighttime chemistry. In-situ instruments add to 
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this database by enabling measurements from mobile platforms, such as aircraft and ships (e.g. [101]), 

and from tall towers (e.g. [71]). The in-situ measurements are valuable for characterizing the strong 

vertical gradients characteristic of the nocturnal boundary layer or for measurements within the residual 

daytime boundary layer.  

Cavity ring-down spectroscopy (CaRDS) is a sensitive technique for in-situ measurement of 

atmospheric trace gases [44]. In-situ measurement of NO3 was first developed approximately a decade 

ago and was based on CaRDS with either a pulsed dye laser [8] or extended cavity diode laser [30]. 

Thermal conversion of N2O5 to NO3 in a second channel enabled direct measurement of the sum of the 

two compounds and measurement of N2O5 itself by difference. This development ultimately led to the 

deployment of a CaRDS instrument for NO3 and N2O5 on aircraft [1]. Although the pulsed laser system 

used in this instrument had a relatively small footprint, such laser systems are in general somewhat 

cumbersome for field instruments because of their requirements for power and weight (30 kg and 0.5 

kW). In addition, the use of toxic dyes and solvents requires hazardous materials that are not ideal for 

field environments, especially aircraft. 

The aircraft instrument described above also incorporated measurements of NO2 by pulsed laser 

CaRDS at 532 nm by taking advantage of the Nd:YAG laser second harmonic that was used to pump 

the dye laser [48]. These NO2 measurements required active subtraction of an interference from ozone, 

but were otherwise accurate [102]. These CaRDS NO2 measurements have recently been further 

developed using a diode laser with a center wavelength near 405 nm [3]. Because there is no significant 

interference from ozone at this wavelength, this approach is capable of simultaneous detection of NO 

via its conversion to NO2 in excess ozone. We have also recently demonstrated the analogous 

conversion of O3 to NO2 in excess NO [103].  

In this paper, we describe a single CaRDS instrument based on diode lasers that measures NO3, 

N2O5, NO, NO2, and O3. Unlike the previous instruments from our group, this instrument uses a diode 

laser near the maximum in the NO3 absorption spectrum at 662 nm for the measurement of NO3 and 

N2O5 [1]. This is advantageous in terms of size, weight, power consumption, and elimination of toxic 

dyes. The main disadvantage to this approach is its increased sensitivity to water vapor. Implications of 

the water vapor sensitivity for aircraft measurements are described further below. A second diode laser 

centered near 405 nm is used for detection of NO2 by CaRDS and of NO and O3 by chemical conversion 

to NO2. The NO2 channel provides not only a direct measurement of this compound, but also a method 

for calibrating the NO3 and N2O5 measurements via the conversion of these compounds to NO2 in excess 

NO as described by Fuchs et al. [3]. The NO2 measurement is itself calibrated against a standard based 

on ultraviolet absorption of ozone at 254 nm as described by Washenfelder et al. [103], providing a 

common analytical standard for all five species measured by this instrument. 
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The combination of these five trace gases provides a complete picture of the nighttime 

chemistry shown in reaction equation 6-1 through reaction equation 6-4. Measurements of NO2 and O3 

provide the source for NO3 formation. Direct measurement of NO3 and N2O5 allow for understanding 

of their chemistry in the nighttime atmosphere. Measurement of NO characterizes the most important 

nighttime sink for NO3 in near source regions (e.g., low altitude over urban areas). This paper describes 

the design and operation of this instrument, and its deployment on aircraft. 

 Instrument	description	

CaRDS is commonly used for sensitive detection of trace gases and has been described in 

several reviews [41, 104, 105]. CaRDS is a way to measure direct absorption with high sensitivity 

because the optical path length is enhanced by a high finesse cavity formed by a set of two highly 

reflective mirrors. A laser is directed into the cavity, the optical intensity builds in the cavity, and then 

the laser is turned off quickly compared with the decay of optical intensity in the cavity. The exponential 

decay of light intensity from the cavity is monitored by measuring the light transmitted through the back 

mirror. When an absorber is present, the exponential decay time constant is reduced, providing an 

absolute measurement of optical extinction, as given in equation 6-5. 

 

             (6-5) 

Here, σ is the absorption cross-section corresponding to the absorber, averaged under the 

spectrum of the laser, [A] is the concentration of the absorber, α is the optical extinction coefficient 

(units of inverse length), c is the speed of light, τ and τ0 are the exponential decay constants with and 

without the absorber in the cavity and RL is the ratio of the total length of the cavity to the length over 

which the absorber is present.  

The instrument described here consists of two largely independent parts that share a common 

set of electronics, data acquisition, frame and optical mounting system. The first part is the measurement 

of NO3 and N2O5 using a 662 nm diode laser. The second is the measurement of NO2, NO, and O3 using 

an additional 405 nm diode laser. The two parts of the instrument have separate inlets that are only 

connected together during automated calibrations, as described further below. A schematic of the 

instrument is shown in Figure 6-1 with NO3/N2O5 measurement framed in red and the NO/NO2/O3 

measurement framed in blue. A photo of the instrument is shown in the right panel of Figure 6-1. 
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Figure 6-1: Instrument schematic. The upper part framed in red shows the NO3 and N2O5 detection setup. The lower 
part framed in blue shows the NO, NO2 and O3 detection unit. BS denotes a beamsplitter. A photo of the optical 
bench instrument is shown on the right. 

 

6.2.1 NO3	and	N2O5	measurement	

Previous NO3 and N2O5 instruments from our group were based on cavity ring-down 

spectroscopy using a pulsed dye laser and a Nd:YAG laser to pump the dye laser. Diode lasers, which 

are available at wavelengths near the 662 nm absorption maximum of the nitrate radical, are a suitable 

alternative that are smaller, lighter, lower in power consumption and do not require hazardous material. 

Like pulsed dye lasers, commercially available Fabry-Perot diode lasers are spectrally broad enough to 

couple passively to the mode structure of the optical cavity [3]. They are also spectrally narrow enough 

to provide a specific measurement for the nitrate radical. Ayers et al. [32] and Schuster et al. [106] have 

already demonstrated the use of similar diode lasers for detection of NO3 and N2O5. The instrument 

described here is similar to these instruments aside from two distinct differences. First, our instrument 

uses an on-axis rather than an off-axis alignment to couple the laser to the optical cavity, similar to our 

405 nm NO2 detection scheme [3]. Since the nominal 0.5 nm width of the diode laser spectrum overlaps 

more than 2000 longitudinal modes of the 93 cm cavities, it couples passively without active control of 

the laser spectrum or cavity modes. On-axis coupling also allows for a more compact (i.e. smaller 

diameter) sample cell, decreasing sample residence time and simplifying the optical alignment. Second, 

this instrument incorporates an automated calibration for NO3 and N2O5 against the NO2 channels.  

Light is provided by a continuous wave (cw) diode laser (Power Technology Inc., Fabry-Perot 

diode model IQμ series), with an output power of approximately 100 mW. The laser can be temperature 

tuned over a range of 15–33°C, corresponding to center wavelengths 659.1–662.7 nm, although 

individual laser diodes typically vary in tuning range. Upon request, the manufacturer selected a diode 
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with tuning range that includes the nitrate radical’s absorption peak near 662 nm. The laser spectrum is 

typically composed of between 2–4 modes of the laser cavity. Each mode is separated by ~0.4 nm and 

has a width of ~0.3 nm. The intensity in each mode is determined by the temperature of the laser diode. 

Certain temperatures give output spectra that are dominated by 1, or at most 2, of these 0.3 nm modes. 

A compact spectrometer (Ocean Optics USB4000) is used to monitor the laser spectrum. The diode 

temperature is set to maximize the spectral overlap with the nitrate radical’s absorption. The laser 

operates in cw mode and is modulated on and off by a 0–5 volt square wave input. The rise and fall 

time of the intensity is less than 30 ns, which is rapid on the time scale of the intensity decay from the 

optical cavity. The laser is optically isolated from the cavities in this on-axis alignment in order to 

prevent potentially damaging back reflections from entering the laser. The isolators consist of a single 

linear polarizer that is placed in front of the laser, and three separate quarter waveplates; one placed 

directly in front of each cavity. This design ensures that the polarization through the beamsplitters 

remains linear, so that the polarization sensitivity of the beamsplitters does not degrade the performance 

of the isolators. 

The cavities consist of two 25.4 mm diameter, 1 m radius of curvature high-reflectivity 

dielectric mirrors. The mirrors are separated by 93 cm and mounted to an optical breadboard in a custom 

bellows mount that allows optical alignment and a flexible seal to the sample volume, from which the 

mirrors themselves are isolated. The cleanliness of the mirrors is maintained by a small purge flow, 25 

sccm, of ultrapure air (zero air) over each mirror to separate the mirror surface from the sample flow. 

Light transmitted through the back mirror of the each cavity is collected by an optical fiber and detected 

on a photomultiplier tube (PMT) (Hamamatsu HC120-05M). A colored glass filter (Schott RG665) is 

used immediately before the PMT to reject stray light. 

The ring-down traces are digitalized using 14-bit oscilloscope card (National Instruments PCI-

6132) at a rate of 2.5×106 samples s−1. A digital output of the oscilloscope card is used to modulate the 

laser intensity normally at 500 Hz, but this can be adjusted to increase the number of ring-down traces 

acquired or duration of each ring-down trace. The ring-down traces are transferred to a computer over 

the PCI bus and co-added in lots of 100. The number of ring-down traces in each lot can be adjusted to 

correspond with the laser modulation frequency and the desired measurement frequency. The co-added 

ring-down traces are then fit to a single exponential decay. The ring-down traces are fit using the 

techniques described by Everest and Atkinson [107]. Usually, the digital Fourier transform method is 

used; however the linear, LRS, and Levenberg-Marquardt methods are also available. When using the 

linear fitting method, the laser is turned off after every lot of 100 ring-down traces to measure the zero 

level of the PMTs. During ambient sampling, only the fit parameters are saved and ring-down traces 

are discarded after fitting. 

The upper panel of Figure 6-2 shows a co-added ring-down trace acquired while sampling 

laboratory air at a cell pressure of 504.6 hPa. The 1/e time constant for this ring-down trace is 217.98 ± 
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0.05 μs, where the error is the covariance of the fit parameter. The time constant is determined by the 

combination of Rayleigh scattering losses, mirror reflectivity, and cavity alignment. The mirror 

reflectivity is 99.999 %, or 10 ppm transmission. The lower panel in Figure 6-2 shows the fit residual 

as a percentage of the ring-down trace. Higher reflectivity mirrors (Advanced Thin Films, Inc.) with R 

= 99.9995 % (5 ppm transmission) have also been used in this instrument and give a ring-down time 

constant in excess of 400 μs at 500 hPa pressure. All of the performance characteristics described in 

this paper have been achieved with the lower reflectivity mirrors, which give a larger intensity 

throughput and allow a higher repetition rate. Instrument performance with the higher reflectivity 

mirrors is not substantially different. For the lower reflectivity mirrors, the laser is modulated at 500 

Hz, and 0.2 s is needed to acquire 100 ringdown traces; thus the overall signal acquisition rate should 

be 5 Hz. However, due to overhead from transferring ring-down traces to the computer memory, fitting 

the ring-down traces, and auxiliary measurements, the actual data acquisition rate of the measurement 

is currently limited to 3 Hz. 

 

Figure 6-2: Upper panel: ring-down trace from one of the 662 nm cavities, along with the fit to the ring-down trace. 
The lower panel shows the fit residual as a percentage of the fit. 

 

The sampling and inlet configuration for NO3 and N2O5 is equivalent to that described by Fuchs 

et al. [2] (chapter 4) and is described only briefly here. Because NO3 and N2O5 are reactive gases, the 

inlet is constructed from Teflon tubing and fittings. The shortest possible residence time is needed in 

order to minimize wall losses for NO3, which has been shown previously to have a first order loss with 

respect to reactions on Teflon inlet walls of approximately 0.2 s−1 [1].  

The inlet consists of several parts and is shown in Figure 6-1. The first is a short length of 4 

mm inner diameter tubing to bring ambient air from outside into the aircraft or instrument enclosure. 

Following this there are addition points for NO used to determine the instrument zero, zero air used to 

overflow the inlet, and NO3/N2O5 additions for calibration. Next, a short length of 1.6 mm inner 
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diameter tubing is used as a flow restriction to drop the pressure to approximately half of ambient. A 

Teflon membrane (Pall Corp. R2PJ047, 2 μm pore size, 25 μm thickness) is used in an automatic filter 

changer described by Dubé et al. [1] to remove aerosol from the sample flow. After the filter, the flow 

is split and delivered to each of the two sample cells by 0.64 cm inner diameter tubing. A 78 cm length 

of 7.9 mm inner diameter tubing along the axis of each cavity creates the sample cell. Flows are set 

using flow controllers positioned downstream of the sample cells. One cell remains at ambient 

temperature to measure the concentration of NO3. The sample gas in the other channel is heated to 

convert N2O5 to NO3 in order to detect the sum of NO3 and N2O5. For this channel the gas flow is heated 

in three stages that are designed to rapidly bring the gas to a temperature sufficient to thermally 

dissociate N2O5 and then to hold it at a temperature where the equilibrium in reaction equation 6-1 is 

shifted mainly toward NO3. For example, the conversion of N2O5 to NO3 based on its equilibrium 

constant is greater than 98 % for ambient NO2 levels less than 10 ppbv at 75°C. The first section is 6.4 

mm inner diameter tubing, 40 cm long and held at 130°C. The second is 25 cm long and held at 80°C 

to reduce thermal gradients and minimize flow noise in the sample cell which is held at 75°C. 

A third 662 nm channel is used to continuously monitor the optical extinction from species 

other than NO3, such as NO2, O3 and water vapor. It consists of an optical cavity and sample cell 

downstream of the NO3 sample cell. NO is continuously added to this sample cell in the same manner 

as the instrument zeroing described below. 

The total flow through the inlet is controlled at a constant volumetric flow rate that is adjusted 

for conditions of a particular measurement campaign. Typical flows for recent aircraft measurements 

described below were 15 and 9 LPM (liters per minute) for the NO3 and NO3+N2O5 sample cells, 

respectively. As in our previously described instrument, the zero for the NO3 measurement is 

determined by adding a small amount of NO to the inlet. In an excess of NO, NO3 is rapidly converted 

via reaction equation 6-4 (k = 2.6×10−11 cm3 molecule−1 at 298 K) into NO2, which has an absorption 

cross-section that is approximately 4×104 times smaller than that of NO3 at 662 nm. This zero method 

does not influence optical extinction due to ambient levels of O3, NO2 or H2O and is therefore highly 

specific for NO3. A small flow of a 100 ppmv NO in N2 mixture is added to the inlet flow to produce 

an NO concentration of ~1012 molecules cm−3, designed to give >99.9 % conversion of NO3 to NO2 

before the flow enters the axis of the NO3 measurement cell. The “zero of the instrument” is typically 

5 s in duration and is measured at arbitrary intervals depending on requirements. During aircraft ascent 

and descent, when changes in pressure lead to rapid changes in background time constant due to 

Rayleigh scattering, the zero interval can be as short as once per minute. On level flight legs or for 

ground based measurements, a zero interval of 3–5 min is normally sufficient to track any changes in 

τ0 due to cavity alignment or variable background absorbers. 
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6.2.2 NO,	NO2,	and	O3	measurement	

Measurement of NO2 is integral to the NO3 and N2O5 calibrations and measurements of inlet 

transmission. Measurement of NO2 using a 405 nm diode laser improves its sensitivity compared to our 

previously described, 532 nm instrument [48, 102], since the NO2 cross-section is approximately 4 

times larger at 405 nm. Furthermore, the interference from ozone is essentially eliminated, since its 

absorption cross-section is approximately 4×104 times smaller than that of NO2 at 405 nm. Both NO 

and O3 can be measured by the same instrument via conversion to NO2; conversion of NO to NO2 in 

excess ozone has been described previously by [3], while conversion of O3 to NO2 in excess NO has 

been described by Washenfelder et al. [103]. 

A second diode laser centered at 405 nm (Power Technology Inc., Fabry-Perot diode model 

IQμ series) provides the light source for the CaRDS detection of NO2. Unlike the 662 nm diode laser, 

this diode laser is not actively temperature tuned and is held at a constant 20°C. We have found the 

center wavelength to be stable over the lifetime of the laser by repeated checks against a calibrated 

grating spectrometer. The laser output power of 80 mW is divided into three equal parts using a 33 % 

beamsplitter and a 50 % beamsplitter. The three cavities are constructed in the same manner as the 662 

nm cavities, except that a bandpass filter centered at 405 nm is used in front of the photomultiplier to 

reject stray light. The layout is shown schematically in Figure 6-1. 

The data acquisition for the 405 nm channels is done in the same way as for the 662 nm channels 

using a second oscilloscope card to modulate the laser and acquire the ringdown down traces. The 405 

nm mirrors have a reflectivity of 99.9965 % (35 ppmv transmission) and give typical background time 

constants of 40 μs at a pressure of 840 hPa. Because the time constants on the 405 nm cavities are 

shorter than the 662 nm cavities, the laser is modulated at four times the frequency, or 2 kHz. Ring-

down traces are acquired in lots of 400 and co-added to achieve the same overall data acquisition rate 

(3 Hz) as the 662 nm side of the instrument. It is not required that both the 662 nm channels and the 

405 nm channels acquire the ring-down traces in lots corresponding to equal acquisition time but doing 

so maximizes the total number of ring-down traces collected. 

The NO, NO2 and O3 sample cells have a separate inlet from the NO3/N2O5 measurement, and 

the inlet is simpler because the 405 nm cavities are operated at ambient pressure and the measured 

species are less reactive. The inlet and sample cells are constructed with Teflon tubing and fittings. 

Ambient air is drawn in through a length of 0.4 cm inner diameter tubing to a 1 μm pore size Teflon 

filter (Pall Corp. R2PL047) in a commercial, PFA Teflon mount (Savillex). The smaller pore-size filter 

ensures rejection of smaller size aerosol to which the 405 nm channels may in principle be more 

sensitive. Loss of NO, NO2 and O3 on these filters is negligible. There is no evidence for a signal due 

to aerosol extinction on the downstream side of these filters during sampling of ambient air. Following 

the filter, the flow is split into three equal parts and delivered to the sample cells. Before entering each 
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sample cell, there is a reactor consisting of a 33 cm length of 0.95 cm inner diameter tubing. The flow 

rate through each channel is controlled at 2.7 LPM (volumetric) to maintain a residence time of 0.6 s 

(plug flow) within each reactor while sampling from variable external pressures from the aircraft. On 

the first channel which is used for the NO2 measurement, the purpose of the reactor is only to match the 

residence time of all three channels, so that NO2 may be accurately subtracted from NOx or Ox, as 

described below. 

The second channel measures total NOx via conversion of NO to NO2 in excess O3. A 12 sccm 

flow of 0.3 % ozone is added at the beginning of the reactor via a three way valve that allows switching 

of this ozone addition to a vent line. The ozone is generated by passing a flow of pure oxygen over a 

mercury-argon lamp (UVP 90-0004-01). The resulting ozone concentration in the sample cell is 

approximately 4×1014 (~16 ppmv at 1 atmosphere and 298 K) and is measured periodically from the 

change in optical extinction at 405 nm (~6×10−9 cm−1) upon switching the ozone flow into and out of 

the sample cell. This measurement is checked less frequently using a commercial ozone monitoring 

instrument. The background extinction due to this added ozone changes the ring-down time constant by 

approximately 0.25 μs from its nominal value of 40 μs at atmospheric pressure (1013 hPa). The presence 

of this large excess ozone converts NO quantitatively to NO2 via reaction equation 6-6. 

O3 + NO    NO2 + O2        (6-6) 

 
k298 = 1.9 × 10–14 cm3 molecule–1 s –1     

Conversion of NO to NO2 under these reactor conditions is greater than 99 %. A small 

correction of 1–2 % is required to account for the further oxidation of NO2 to higher oxides of nitrogen, 

NO3 and N2O5, via reaction equations 6-1 and 6-2 [3]. The measured NOx concentration is also corrected 

for the small dilution (~0.5 %) due to the addition of the O3/O2 flow.  

The third channel measures total odd oxygen, Ox = NO2+O3, via the analogous conversion of 

O3 to NO2 in excess NO. A small flow of NO from a standard mixture of NO in N2 (Scott-Marin) is 

added at the beginning of the reactor to produce an excess concentration of NO identical to the excess 

O3 concentration in the NOx channel (i.e. 4×1014 molecules cm−3). The excess NO quantitatively (greater 

than 99 %) converts O3 in the ambient sample flow to NO2 via reaction equation 6-6. There is no need 

for an additional correction for further oxidation of NO2 on this channel since reaction equation 6-1 

through reaction equation 6-2, to the small extent that they might occur without large, excess O3, are 

effectively reversed by reaction of NO3 with the excess NO (reaction equation 6-4). The excess NO 

added to this channel does contain an unavoidable contamination of NO2, which can produce a large 

background signal. An FeSO4 converter on the outlet of the standard cylinder reduces this NO2 

contamination considerably to a background level of 0.5–2 ppbv within the sample cell [103]. 

Maintaining a constant conversion efficiency of O3 and NO to NO2 is a potential challenge for 

sampling from an aircraft platform since the ambient pressure (and hence the reactant concentration and 
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reactor residence time) is variable with aircraft altitude. Flows on all three 405 nm channels are 

controlled at constant volumetric rates, rather than constant mass flow rates, to maintain constant 

residence time and reactant number density in each reactor. Addition of a constant, mass flow of the 

excess reactant with a well-defined mixing ratio to the variable, volumetric flow produces a constant 

number density in each reactor as the aircraft ascends and descends. For example, the number density 

of NO in the Ox sample cell is the product of mixing ratio of the NO standard cylinder (MR), the total 

number density in the sample cell (Nd) and the ratio of the volumetric flows (Fvol
NO and Fvol

cell) as shown 

in equation 6-7. Here, P is the pressure in the sample cell, P0 is the standard pressure, k is Boltzmann’s 

constant, T is the sample cell temperature, and FSTD
NO is the volumetric flow of the reactant at standard 

pressure and temperature which is directly proportional to the mass flow and independent of pressure. 
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 [NO]      (6-7) 

Because the flow through the sample cell is maintained at a constant volumetric rate, the only 

pressure dependences in equation 6-7 are the number density and the reactant volumetric flow, and they 

cancel each other. The result is a reactant number density that is independent of pressure. Thus, the 

conversion efficiencies outlined above do not vary with aircraft altitude. 

The current scheme for acquiring a zero time constant for the 405 nm channels is identical to 

that used previously with our 532 nm CaRDS NO2 instrument, namely to slightly overflow the inlet 

with zero air. The overflow is added through a concentric piece of Teflon tubing with an inner diameter 

slightly larger than the outer diameter of the inlet tubing and which extends slightly (2–4 cm) beyond 

the inlet tubing. Addition through this concentric inlet minimizes the pressure difference between the 

zero and signal measurements, which can be significant (1 hPa or greater) if the zero air overflow is 

added through a simple tee fitting. Such pressure differences between the zero and sample measurement 

change the Rayleigh scattering background, which must be corrected for after the measurement. An 

additional correction is needed to account for the difference in humidity between ambient air and the 

dry zero air used to overflow the inlet. The difference in the Rayleigh scattering cross-section of water 

vapor and air was measured at 405 nm by Fuchs et al. [3] to be 5×10−27 cm2, leading to a maximum 

correction equivalent to 0.15 ppbv NO2 at 80 % RH (22°C) . Actual water vapor corrections are typically 

smaller, however. The potential for an NO2 impurity in the zero air limits the applicability of this zero 

scheme for sampling in remote environments, where ambient NOx may be comparable to the NOx 

impurity in commercial zero air. Chemiluminescence measurements at our laboratory showed the zero 

air (Scott-Marin Ultrazero) contains less than 10 pptv of NOx. Zero measurements occurred every 3 min 

during ambient sampling and lasted 15 s to allow for the zero air to completely fill the sample cell. 
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The optical extinction due to excess O3 on the NOx channel, and the NO2 impurity in the added 

NO on the Ox channel, are not affected by the addition of zero air to the inlet. Thus, no correction is 

required for these small, background optical extinctions. 

 Calibrations	

Although cavity ring-down spectroscopy is, in principle, an absolute method, calibrations are 

required if either the inlet transmission efficiency for a particular trace gas is not unity, or if the effective 

absorption cross-section can vary as a function of sampling conditions (i.e. temperature, pressure, laser 

spectrum). The former is the case for NO3 and N2O5, which are reactive trace gases whose transmission 

through the inlet system may vary. The latter is potentially the case for NO2 (and by extension, NO and 

O3 in this instrument) since its absorption cross-section varies with pressure, temperature, and laser 

spectrum. We have recently developed calibration standards for NO3 and N2O5 based on their 

conversion to NO2 [2] and for NO2 based on conversion of standard additions of O3, as described above 

[103]. The following sections outline these calibration schemes and their implementation in the current 

version of this aircraft instrument. 

 

 
Figure 6-3: Pressure dependence of the effective NO2 cross-section at 405 nm. The pressure-dependent cross-
section is parameterized by 2nd order polynomial and used for calculating NO2 concentration during aircraft 
sampling at variable altitudes and cell pressures. The pressure dependence may be due to the variation in the NO2 
cross-section itself, or to pressure dependence in Rl from equation 6-5. Here, the cross-section is fit to a pressure 
dependence assuming constant RL of 1.15, though this choice is arbitrary. 

 

6.3.1 NO2	calibration	

The 405 nm laser diodes provided by the manufacturer vary in center wavelength; hence, the 

effective cross-section for each laser must be calibrated by standard NO2 additions. Standard 

concentrations of O3 are generated and measured using a commercial ozone monitor, then quantitatively 
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converted to NO2, which is measured on the CaRDS instrument, as described above. The calibrator 

contains its own NO cylinder and flow controllers for conversion of O3 to NO2 such that it delivers 

standard additions of NO2 independent from the CaRDS instrument itself. The calibrator is also field 

portable and can be used for routine calibration on a daily basis. Typical calibration curves use a series 

of NO2 mixing ratios between 0–200 ppbv, with the effective NO2 cross-section determined as the slope 

of a plot of measured optical extinction against NO2 concentration. The effective cross-section is the 

NO2 cross-section integrated under the laser spectrum and divided by RL, which is ratio of the cavity 

length to the length over which the absorber is present. The cell pressure in the 405 nm channels varies 

significantly with altitude, typically between 500–900 hPa over the altitude range of the NOAA P-3 

aircraft and is typically 80–100 hPa below ambient pressure. Therefore, any pressure dependence in the 

effective cross-section for NO2, or in the ratio of the cross-section to RL in equation 6-5, will directly 

affect the measurement from aircraft. Literature spectra for NO2 do indeed show a pressure dependence 

(e.g. [54]), but only for spectral features too fine to be resolved by the laser system in the CaRDS 

instrument. Nevertheless, the ratio of the effective NO2 absorption cross-section to RL, i.e. σ/RL, shows 

a distinct pressure dependence, as shown in Figure 6-3. The value of σ/RL decreases by approximately 

6 % between 1000–500 hPa. The calibration curve in Figure 6-3 is the result of multiple determinations 

in the field on different days, which were reproducible at any given pressure to within ±2 %. For the 

purpose of calculating the NO2 concentration, the cross-section is parameterized by a 2nd order 

polynomial. The measured pressure dependence of the effective cross-section may be due to a variation 

of the actual cross-section or a pressure dependence of RL. Regardless of the source of the pressure 

dependence, the effective cross-section is still valid for determination of the NO2 concentration. 

6.3.2 NO3	cross‐section	and	water	vapor	sensitivity	

The cross-section for NO3 is determined using the absorption spectrum measured by Yokelson 

et al. [49] shown in Figure 6-4 and temperature-dependence determined by Osthoff et al. [74]. Although 

the absorption spectrum peaks at 2.17×10−17 cm2 for 298 K, the effective cross-section in this instrument 

is a convolution of the measured cross-section and the laser spectrum and is therefore smaller than the 

peak absorption. Using a typical laser spectrum shown in Figure 6-4, the effective cross-section was 

2.03×10−17 cm2, a reduction of 7 %. One drawback of the 662 nm diode laser used in this instrument is 

that the intensity in different modes, and thus its spectral output, is not stable on the time scale of hours. 

Based on several measured laser spectra, this instability leads to a variation of 1.5 % in the effective 

NO3 cross-section. The cross-sections measured by Yokelson et al. [49] and Osthoff et al. [74] are 

accurate to ±4 %. In this instrument the variability of spectrum increases the inaccuracy of the effective 

cross-section to ±6 %. The laser spectrum is currently measured infrequently (e.g. once per flight) using 

a small grating spectrometer (Ocean Optics, USB4000) but will be incorporated into routine data 

acquisition in the future. The NO3 cross-section is temperature dependent, as described previously, such 

that the effective cross-section for the heated channel is 1.68×10−17 cm2 molecule−1 at 348 K.  
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Figure 6-4: The right panel shows the NO3  (blue) and water vapor (red) absorption spectrum around 662 nm. A 
typical laser spectrum is also shown. The left panel shows the measured water sensitivity along with predicted 
sensitivity neglecting the non-exponential terms. The measured sensitivity is fit to a 2nd order polynomial and used 
to correct the field data. 

Water vapor has an absorption in the 662 nm region of the spectrum. The potential for water 

vapor interference with NO3 measurements is well known from broadband optical measurements of 

NO3 (e.g. [19, 108]). The water vapor spectrum at 20°C from the HITRAN database [90] is shown in 

red on Figure 6-4 along with the nitrate radical absorption spectrum (blue) and typical diode laser 

spectrum (gray). Our previous, pulsed dye laser instrument had a narrow bandwidth which effectively 

resolved this water vapor spectrum, and could be tuned off resonance with the discrete water vapor lines 

while still being tuned effectively to the maximum in the NO3 absorption spectrum. The output of the 
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diode laser, by contrast, unavoidably overlaps multiple water vapor lines, making the instrument much 

more sensitive to this interference. Furthermore, because the water vapor absorption spectrum consists 

of several peaks under the laser bandwidth, the variation in absorption cross-section can lead to non-

exponential ring-down traces.  

The measured sensitivity to water vapor is shown in Figure 6-4 (lower panel). The extinction 

is not linear with respect to water concentration because the ring-down transients become slightly non-

exponential at higher optical extinctions because of the mismatch between the discrete, water vapor 

lines and the broadband laser source [45]. However, the data can be corrected by using the fitted 

polynomial as an effective concentration-dependent cross-section as shown in equation 6-8.  
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cf     (6-8) 

τcorrected is the exponential decay time constant that would be measured in the absence of water 

vapor. τ is the measured exponential decay constant. f ([H2O]) is the fitted polynomial sensitivity and 

requires an independent measurement of the water vapor mixing ratio. The linear term in the polynomial 

fit corresponds to the water vapor cross-section when averaged over the laser spectrum and agrees well 

with the value calculated using the water vapor cross-section obtained from the HITRAN database, 

2.05×10−26 cm2. This linear absorption is insensitive to the presence of added NO, and will therefore 

only interfere with the measurement of NO3 and N2O5, if the water vapor mixing ratio changes rapidly 

on the time scale of the instrument zero frequency. Such variations can, in principle, be corrected by 

the reference channel, though in practice the active correction described here proved as useful as a 

reference channel. For ground based measurements, simple interpolation between zeros would normally 

be sufficient. However, for aircraft sampling, which may rapidly traverse regions of higher or lower 

absolute humidity (e.g. on vertical profiles), the interferences must be actively corrected via equation 

6-8. A worst-case change in relative humidity of 0 to 100 %, or 3.5×1017 cm−3 (2.9 % mixing ratio at 

20°C and 505 hPa in the sample cells), would result in an additional extinction of 7×10−9 cm−1, or the 

equivalent of 30 pptv of NO3/N2O5. In practice, we have never observed variations in background 

extinction that are this extreme; however active correction remains a necessity. 

When the water vapor concentration is approximately constant between the zero and the signal 

measurement, there is an additional, small error due to fitting the slightly non-exponential ring-down 

transients in the presence of water vapor as though they were single exponentials to retrieve 

concentrations of NO3 or N2O5. This effect produces a measurement error of less than 0.2 % for either 

compound.  

Although much smaller, both NO2 and NO3 have some variation in the cross-section under the 

laser spectrum like water vapor. We have not observed non-exponential ring down traces from either 
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NO2 or NO3. For NO2 the exponential character of the ring-down trace is further confirmed by the linear 

extinction as a function of the NO2 concentration during calibrations. 

6.3.3 NO3	and	N2O5	inlet	transmission	

Wall loss of NO3 on the Teflon surfaces of the inlet and measurement cells is the most 

significant source of uncertainty for CaRDS measurement of NO3 and N2O5 [1]. Characterization of the 

NO3 and N2O5 transmission efficiency has been described by Fuchs et al. [2]. The following provides a 

short description of the method and the changes that are specific to the current instrument design. The 

calibration scheme for NO3 is based on its chemical conversion to NO2 with excess NO by reaction 

equation 6-4, the same as used for zeroing the 662 nm channels. The resulting NO2 has negligible inlet 

loss and can be measured by CaRDS at 405 nm to provide a standard for the 662 nm NO3 measurement. 

N2O5 transmission efficiency can be measured similarly by chemical and thermal conversion of N2O5 

to NO2. During transmission efficiency measurement the inlet is overflowed with zero air to avoid 

interference from ambient O3 and NO.  

Each measurement of NO3 transmission efficiency has five steps shown in 

 

Figure 6-5. First, the zero of the instrument is measured as discussed above. Second, the NO3 

source is added to the tip of the NO3/N2O5 inlet and the mixing ratio NO3 is measured in 662 nm 
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channels. The amount of NO2 coming from the source directly is measured in the NO2 channel. As 

described above, for ambient sampling, the inlet for the NO2, NOx and Ox channels is separate from the 

NO3 and N2O5 inlet; however, during the transmission measurements the NO2 channel must be 

connected to the NO3/N2O5 inlet. This connection is made via the three-way valve shown in Figure 6-1, 

which switches the instrument between sampling and calibration mode. Unlike the previously described 

pulsed laser instrument, in which the NO3 and NO2 measurements were in series, they are in parallel in 

this instrument, such that measurements of NO3 or N2O5 occur simultaneously with that of NO2. The 

third step of the transmission efficiency measurement is to add NO3 and NO simultaneously to the 

NO3/N2O5 inlet. The reaction of NO3 and NO quantitatively converts NO3 into NO2 producing two 

molecules of NO2 for each molecule of NO3 added to the inlet. During this step the NO2 channel 

measures NO2 from three sources: NO2 coming directly from the N2O calibration source, NO2 produced 

by the reaction of NO3 and NO, and the NO2 impurity present in the NO addition. The fourth step is to 

shut off the NO3/N2O5 addition from the calibration source, but leave the NO flow present to measure 

the NO2 impurity present in this NO. The fourth step accounts for this contamination. The fifth step is 

a second zero measurement, with no addition of either NO or NO3/N2O5.  

 

 

Figure 6-5: Example calibration sequences for (A) N2O5 and (B) NO3. For the N2O5 calibration, the N2O5 source 
is added directly to the inlet, while for the NO3 calibration it first passes through a heater to convert it primarily to 
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NO3. The sequence of the calibration, indicated by the numbers across the top, includes (1) zero measurement; (2) 
addition of N2O5/NO3 source; (3) titration of the NO3/N2O5 source with excess NO to convert it to 2×NO2; (4) 
N2O5/NO3 source switched off, NO titration on to determine NO2 content of the added NO; and (5) NO titration 
turned off. The calibration is given by equation 6-9 and is effectively the ratio of 2Δ (N2O5)/ΔNO2 (or 
2ΔNO3/ΔNO2) marked in the figure, where ΔNO2 is corrected for the small additional NO2 in the added NO source 
given by the difference between equation 6-9 and equation 6-10 in the sequence above. For the data shown in the 
figure, the N2O5 transmission is 99 %. The NO3 calibrations factors are shown for the ambient channel – NO3, (A) 
– and the heated channel – NO3 (B), and are 87% and 85 %, respectively. 

Note: Error in the published plot. Blue arrows indicate the start time of each portion of the calibration sequence. 

 

The N2O5 transmission efficiency can be measured by a similar five step procedure with the 

addition of N2O5 to the inlet instead of NO3; however, during the third step a heater is used to convert 

the N2O5 into NO3 which is then converted to NO2 by reaction with NO. This heater is along the 

connection between the NO3/N2O5 inlet and the NO2 sample cell and is followed by a short section of 

nylon tubing which acts as an NO3 scrubber, as described in Fuchs et al. [2]. In this configuration, the 

scrubber serves to remove NO3 from the flow produced by thermal decomposition of N2O5 when the 

NO addition is off during step 2, so that the NO2 channel measures only the NO2 arising from thermal 

dissociation of N2O5 and not any optical extinction from NO3. It also prevents recombination of NO3 

with NO2 in the NO2 sample cell. (Both the heater and scrubber are necessary for the NO3 transmission 

measurement as well, because our source cannot produce pure NO3. It is unavoidably contaminated 

with N2O5.) During addition of NO, all NO3 produced in the heater between the inlet and the NO2 sample 

cell is converted to 2×NO2, which is not affected by the scrubber. Calibration samples of N2O5 or NO3 

are generated by passing a small flow of zero air over a sample of solid N2O5 stored in a trap at −78°C 

(dry ice). The source produces N2O5 with less than 2 % NO3 or, if switched through an additional heater 

mounted in the calibration box, greater than 90 % NO3.  

The transmission efficiency can be calculated using the measurements taken during each of the 

five steps. Equation 6-9 then gives the expression for the transmission efficiency as the ratio between 

measured NO3 during step 2 in the 662 nm channel and 1/2 the NO2 generated from the conversion in 

reaction equation 6-4. 

 
     NO2source2NOsource3
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T     (6-9) 

Here, [NO2]source+NO is the NO2 concentration when both the NO3 and NO are added to the inlet 

during step 3, and [NO2]source and [NO2]NO are the NO2 concentrations when the NO3 and NO are added 

to the inlet separately, during steps 2 and 4 respectively.  

To relate ambient concentrations with those measured in the sample cells, three separate 

transmission efficiencies are required: (1) the transmission of N2O5 through the heated inlet, Te (N2O5), 

which is the combination of the transmission efficiency for N2O5 itself, the conversion efficiency to 
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NO3, and the transmission of NO3 through the heated inlet; (2) the transmission of NO3 through the 

ambient channel, Te
ambient(NO3); and (3) the transmission of NO3 through the heated channel, Te

heated 

(NO3) [1, 2]. For the NO3 channel only the inlet transmission of NO3 is needed to determine the ambient 

NO3 concentration, equation 6-10. However, because N2O5 is converted to NO3 in the inlet and 

consequently lost to the walls, the inlet transmission of both NO3 and N2O5 is needed to calculate the 

ambient N2O5 concentration, equation 6-11. 
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[NO3]amb and [N2O5]amb are the ambient concentration of NO3 and N2O5. [NO3]cell and ([NO3] + 

[N2O5])cell are the concentrations measured in the sample cells.  

 

Figure 6-5 illustrates the scheme for an example calibration. Panel (A) shows the N2O5 

transmission measurement, while panel (B) shows the NO3 transmission measurements in both the 

ambient and heated measurement cells, which is done simultaneously by addition of NO3 to both 

channels. In field calibrations during CalNex showed no dependence of NO3 transmission efficiency on 
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NO3 mixing ratio over the range 0.3–4.3 ppbv, although calibrations on any given day were normally 

performed at a single concentration.  

 Detection	limits,	accuracy,	and	sample	data	

Figure 6-6 shows a representative measurement of the NO3 and N2O5 instrument baseline 

precision in our laboratory while sampling zero air. The Allan variance plot gives a detection limit under 

~1 pptv (2σ) in 1 s for both species. For NO3, this sensitivity is comparable to, but slightly worse than 

that reported by Dubé et al. [1] (e.g. 0.5 pptv, 1 s, 2σ) using the Nd:YAG/dye laser instrument. For 

N2O5, the sensitivity is slightly improved over the pulsed laser version (e.g. 2 pptv, 1 s, 2σ), although 

the improvement derives more from reduction in the optical noise associated with the fast flow in the 

heated channel than with any change in the optical system itself. The reduction in precision compared 

to the previously reported, pulsed laser instrument is due to a combination of factors, including reduced 

performance from the composite optical bench and cavity ring-down mirrors experience during the 

CalNex field intensive, and is not due solely to the introduction of diode lasers. Due to environmental 

effects (e.g. vibrations on the aircraft) and variations in the ambient air (e.g. temperature gradients), the 

precision of the instrument is reduced while sampling ambient air in flight. The in-flight detection limits 

are determined from daytime measurements during CalNex when the ambient mixing ratios of both 

NO3 and N2O5 were below the laboratory detection limits and were 3 pptv (2σ) in 1 s for both NO3 and 

N2O5.  

The laboratory detection limits for the NO2 and O3 measurements have been reported in a 

separate publication [103] and are 46 pptv and 56 pptv (1 s, 2σ) respectively. Our previously reported, 

ground based NOx instrument [3] exhibits a better precision of 22 pptv (1s, 2σ). In-flight baseline 

precision can be determined during zero measurements, which are 10–15 s in duration. For NO, NO2, 

and O3 the in-flight detection limits were 140 pptv, 90 pptv, and 120 pptv, respectively. These detection 

limits are the average precision of 140 zero measurements from an 8 h flight on 3 June 2010. During 

some time periods, the aircraft measurements of NO, NO2 and O3 also suffer from an optical instability 

in flight that leads to drifts on the order of 0.1–0.3 ppbv in flight. The longer-term baseline instability 

is most likely related to the mechanical stability of the optical cavity alignments on these channels. 

Investigation into the source of this instability and potential solutions is ongoing, although it could be 

addressed by simply increasing the frequency of zero measurements from the current 5 min interval. 

We anticipate improvements, primarily in the data acquisition software, to improve the precision of the 

NOx and O3 channels on the aircraft instrument.  
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Figure 6-6: Allan variance plots for the NO3 (upper) and N2O5 (lower) measurements when sampling synthetic zero 
air. Both channels have a 2 σ precision better than 1 pptv in 1 s. 

 

The accuracy of the NO3 and N2O5 measurements were described in detail by Fuchs et al. [2], 

are unchanged by modifications described here. The N2O5 accuracy ranges from −8 % to +11 % (1σ). 

The major uncertainties contributing to the accuracy are uncertainty in the cross-section, Rl, inlet loss 

and filter aging. Because the filter aging can only decrease the measured mixing ratios, it only 

contributes to the upper limit of the accuracy. The same factors contribute to the accuracy of the NO3 

measurement (−9 %, +12 %, 1σ). However, the inlet loss of NO3 is more uncertain leading to a 

decreased accuracy compared with N2O5. 
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 For measurements of NO, NO2 and O3, the accuracy is dominated by uncertainty of the 

effective cross-section which is directly related to the ±2 % accuracy of the UV ozone monitor used to 

measure the cross-section as describe in section 6.3.1. There is additional uncertainty (±1 %) in the 

dilution associated with the NO addition required to convert the O3 to NO2. The total accuracy for each 

of three measurements is ±3 % (1σ). 

 

 
 

 

Figure 6-7: Sample NO3 and N2O5 data from the flight on 3 June 2010. The upper panel shows the flight track in 
the Los Angeles basin. The lower panel shows the NO3 (blue) and N2O5 (red) mixing ratios measured during the 
flight along with the aircraft altitude in gray. The yellow background indicates the time of sunrise. 

This aircraft instrument was deployed during the CalNex campaign in California on the NOAA 

P-3 aircraft and took measurements on 25 research flights. An example of the performance and utility 

of this instrument is shown in Figure 6-7, which shows data from a flight in the Los Angeles basin on 
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3 June 2010. The flight track is shown on the left panel of the figure. This flight includes a series of 

vertical profiles over the ocean and the urban area of the Los Angeles basin. The flight began in late 

evening and landed 2 hours after sunrise. The second panel shows the measured NO3 and N2O5 

concentrations during the flight along with altitude. The yellow background indicates the solar elevation 

angle and time of sunrise. The mixing ratios of NO3 and N2O5 vary strongly with altitude, consistent 

with the previous measurements of vertical stratification within the nighttime atmosphere [101].  

 

Figure 6-8: The left panels show sample NO (upper panels), NO2 (middle panels) and O3 (lower panels) mixing 
ratio from both the CaRDS instrument in red and the chemiluminescence (CL) measurements in blue for the 3 June 
flight. The right panels show the correlations of the two measurements for each species. There was a small 
population of points on this flight for which there was a deviation on the NO2 measurement, likely related to the 
zero measurement on one or the other instruments. These deviations were not observed on other CalNex flights. 

 

The NO, NO2 and O3 data for the same flight are shown in the left panels of Figure 6-8. Very 

little NO was encountered during darkness on this flight since the majority of the sampled air masses 

were distant from direct NOx emission sources. Several NO2 plumes were encountered throughout the 

night, many of which showed distinct anticorrelations with O3 due to titration and subsequent nighttime 
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chemistry within these plumes. After sunrise, the NOx containing plumes showed measurable levels of 

NO, which peaked near 30 ppbv during landing at Ontario airport. 

The standard P-3 instrument for measurement of ambient NO, NO2 and O3 is a custom-built, 

high-precision, research grade chemiluminescence (CL) instrument [77, 109, 110]. The NO2 channel of 

the CL instrument has recently undergone substantial improvement to the photolysis system for 

conversion of NO2 to NO and modifications of inlet and sample flow path for improved time response 

of all channels [111]. The right three panels of Figure 6-8 show the scatter plots comparing NO, NO2, 

and O3 measurements from the 405 nm CaRDS instrument with those from the CL instrument at 1 s 

time resolution. The instruments agree to within 3% for NO, 5% for NO2, and 1 % for O3 measurements, 

which is within the summed accuracy of both instruments for each species. Correlation among all 

measurements was excellent, with R2 values ≥0.99. Much of the scatter in the correlation plots is the 

result of synchronization between the instruments when transecting NOx plumes with sharp edges. 

Although CaRDS is lower in precision than the CL instrument and is subject to some baseline instability 

as described above, the comparisons in Figure 6-8 demonstrate that it is accurate, at least at larger NOx 

and O3 values. 

One common diagnostic used to understand the nighttime reactivity of NO3 and N2O5 is their 

steady state atmospheric lifetime [11]. The steady state lifetime of a species can be determined from its 

rate of production and its concentration, defined in equation 6-12 and equation 6-13 for NO3 and N2O5 

[44]. 
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Here τSS (NO3) and τSS (N2O5) are the steady state lifetimes and k1 is the rate constant for 

reaction equation 6-1. When the steady state approximation is valid the lifetimes can be used to 

determine the pseudo first-order loss rate of NO3 and N2O5, 
3NOk  and 

52ONk . Keq is the equilibrium 

constant for reaction equation 6-2. 

In past field campaigns, this analysis would require data from at least two separate instruments. 

Figure 6-8 demonstrates the advantage of the combined measurements of nighttime nitrogen oxides 

(NO2, NO3 and N2O5) and O3 into a single instrument. Figure 6-9 shows the steady state lifetimes for 

the flight of 3 June. The lifetimes of NO3 range from 0–1.5 h and lifetimes up to 3 h are observed for 

N2O5. Thus, the combination of NO2, O3 with NO3 and N2O5, all tied to a single analytical standard, 

provides a complete and accurate representation of nighttime nitrogen oxide chemistry. 
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Figure 6-9: The lifetimes of NO3 (blue) and N2O5 (red) for the 3 June flight. The lifetimes were calculated using 
concentrations measured by a single instrument. 

 

 Conclusions	

The article has described an aircraft instrument for atmospheric measurements of NO3, N2O5, 

NO, NO2, and O3 by cavity ring-down spectroscopy. NO3 and NO2 are measured directly using a diode 

lasers with center wavelengths of 662 nm and 405 nm. N2O5 is thermally converted to NO3 for 

measurement and NO and O3 are chemically converted to NO2 and measured. Each channel is regularly 

calibrated in the field by a scheme linking the cross-sections of each measured species to the O3 cross-

section at 254 nm. The inlet transmission of NO3 and N2O5 is also measured regularly in the field. The 

performance of the instrument was demonstrated during its first deployment on the NOAA P-3 in 

California during a 2010 field intensive. 
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Abstract: 

We present a sensitive, compact detector that measures total reactive nitrogen (NOy), as well 

as NO2, NO, and O3. In all channels, NO2 is directly detected by laser diode based cavity ringdown 

spectroscopy (CaRDS) at 405 nm. Ambient O3 is converted to NO2 in excess NO for the O3 measurement 

channel. Likewise, ambient NO is converted to NO2 in excess O3. Ambient NOy is thermally dissociated 

at ∼700°C to form NO2 or NO in a heated quartz inlet. Any NO present in ambient air or formed from 

thermal dissociation of other reactive nitrogen compounds is converted to NO2 in excess O3 after the 

thermal converter. We measured thermal dissociation profiles for six of the major NOy components and 

compared ambient measurements with other instruments during field campaigns in Utah and Alabama. 

Alabama measurements were made in a rural location with high biogenic emissions, and Utah 
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measurements were made in the wintertime in unusual conditions that form high ozone levels from 

emissions related to oil and gas production. The NOy comparison in Alabama, to an accepted standard 

measurement method (a molybdenum catalytic converter/chemiluminescence instrument), agreed to 

within 12 %, which we define as an upper limit to the accuracy of the NOy channel. The 1σ precision is 

<30 pptv at 1 s and <4 pptv at 1 min time resolution for all measurement channels. The accuracy is 3 

% for the NO2 and O3 channels and 5 % for the NO channel. The precision and accuracy of this 

instrument make it a versatile alternative to standard chemiluminescence-based NOy instruments. 

	

 Introduction		

Reactive nitrogen compounds play a central role in atmospheric chemistry. Nitrogen oxides 

(NOx ≡ NO + NO2) strongly affect the oxidative capacity of the atmosphere through the catalytic cycle 

that produces ozone (O3) in the lower atmosphere. Total reactive nitrogen (NOy) includes NOx and all 

its reservoirs:  

NOy  NO + NO2 + NO3 + 2N2O5 + HNO3 + HONO + HO2NO2 + PAN (peroxy acetyl 

nitrates) + aerosol nitrates + organic nitrates 

Knowledge of the abundance of this chemical family, as well as NO, NO2, and the related 

compound O3, is a useful indicator of total nitrogen emissions, air mass age, competition between 

different chemical processes, and the efficiency of ozone production associated with particular emission 

sources. Standard measurements of NOy rely on catalytic decomposition of NOy to NO, followed by 

NO detection using chemiluminescence [112, 113]. The most commonly used materials for conversion 

are gold and molybdenum. However, catalytic converters are prone to deterioration, affecting 

conversion efficiencies. As a result, they require calibrations at least every few days and must be 

reconditioned, or cleaned, every few months of continuous operation, although the latter depends on 

the history of exposure [112-114]. Additionally, the chemical processes involved in the catalytic 

conversion are not fully understood [115]. Inlet design can also play a major role, as some NOy species, 

notably HNO3, can suffer significant losses on non-heated inlet surfaces [113, 116].  

In this paper, we report a new method for detection of NOy as part of a compact system that 

measures NO, NO2, NOy, and O3 based on cavity ring-down spectroscopy (CaRDS). Similar to direct 

absorption spectroscopy, CaRDS is an absolute measurement of trace gas concentration, with an 

accuracy inherently limited only by knowledge of the absorption cross-section and potential interfering 

absorbers. For the instrument described here, small species-dependent corrections must be made only 

for sampling losses, conversion efficiencies, and dilution actors. Furthermore, the instrument has lower 

power, size, weight, and vacuum requirements than a chemiluminescence-based instrument while 

approaching its sensitivity, precision, and time response. In the NOy CaRDS instrument we describe 
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here, NOy and its components are converted into NO2 by thermal decomposition (TD) in a fused silica 

inlet (henceforth referred to as quartz following convention), followed by the addition of ozone to 

convert NO to NO2. The successful use of TD has been demonstrated for various individual NOy 

compounds (N2O5 [1], peroxy nitrates [117, 118], HONO [119], ClNO2 [120], alkyl nitrates, and HNO3 

[118, 121]), but the combination of thermal dissociation plus ozone has not, to our knowledge, been 

demonstrated previously for measurement of total NOy. It represents an analytical simplification for 

NOy measurements over methods that only detect NO2 through thermal dissociation, since it does not 

require the summation of separate measurements. We combine this with existing techniques for 

measuring NO, NO2, and O3, allowing all four of these important and related species to be measured 

simultaneously with precision, accuracy, and time response sufficient for their measurement in ambient 

air across a range of environments and measurement platforms, including measurements from moving 

vehicles. 

 

Figure 7-1: Schematic of the custom cage system that houses all the optical components. A large section has been 
cut out for ease of illustration. The laser is shown in blue, and the optics have been left in place. The combination 
of aluminum plates and carbon fiber rods give the system high mechanical rigidity, helping to achieve a 
measurement precision of a few pptv on a minute time scale. 

 

 Experiment	

The instrument is based on in-situ detection of NO2 via cavity ring-down spectroscopy [3, 84, 

122-124]. The working principle of CaRDS, as well as the conversion of O3 and NO to NO2, has been 

described in detail in previous papers [3, 103] and will only be summarized here with emphasis on the 

design improvements. Sampling is done by pulling ambient air through Teflon inlet lines or our NOy 

converter, and data are acquired in 1 s intervals. An 80 mW laser diode centered at 405 nm and 

modulated with a 2 kHz square wave provides light for the four measurement channels. A Faraday 
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optical isolator provides protection from optical feedback into the laser. When the light is modulated 

off, the intensity inside the optical cavities decreases exponentially as measured by four photomultiplier 

tubes that detect the light intensity transmitted through the rear mirrors. The exponential decays are co-

added and fitted once per second to extract the time constant with (τ) and without (τ0) the absorber 

present. The number density of the absorber is then given by  
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where c is the speed of light and 
2NO  is the NO2 absorption cross-section. Previous 405 nm 

CaRDS instruments from this group have included purge volumes adjacent to the mirrors to maintain 

their cleanliness. Purge volumes require a multiplicative factor, RL = d / l in equation 7-1, where d is 

the mirror separation and l is the length over which the sample is present. This factor may have had a 

dependence on pressure that introduces uncertainties into the measurement [4]. The instrument 

described here does not currently include mirror purge volumes, which simplifies the calibrations and 

eliminates a possible source of error. However, the elimination of the purge volumes can lead to 

degradation in mirror reflectivity under some circumstances. Since the sampled air is in direct contact 

with the mirrors, some compounds can condense onto the mirrors, causing a decrease of the time 

constants. This has been observed in an environment with high relative humidity and required drying 

of the sampled air. We have also encountered mirror degradation in the NOy channel under conditions 

of extremely large hydrocarbon concentration in ambient air, to be discussed below.  

The optical system is mounted in a custom designed cage system with 1/2 in. (12.7 mm) carbon 

fiber rods providing stability against mechanical and thermal stress. A schematic of the cage system can 

be seen in Figure 7-1. To increase stability and compactness over previous designs, the distance between 

cavity mirrors has been reduced from 1 m to 50 cm. We reuse the cavity mirrors with 1 m radius of 

curvature and have found a minimal loss of sensitivity. The corresponding ring down time constant (τ0), 

determined by a combination of mirror reflectivity and Rayleigh scattering losses at ambient pressure, 

is approximately 30 μs, with a precision (1σ, 1s) of 6 ns.  

The instrument as a whole is compact and requires low power and maintenance. It measures 

approximately 110 cm high with a 50 by 70 cm footprint and consumes 300 W of power at its peak. It 

weighs 95 kg, which includes the sample pump, a zero air generator, and the data acquisition system. 

The data acquisition system, however, has not been designed for low weight and currently contributes 

15 kg, a figure which could be substantially reduced. The instrument also requires a cylinder of O2 and 

a cylinder of NO (2000 ppm in nitrogen). These additions can be contained in 1.2 L cylinders mounted 

directly in the instrument rack and last for 4 days of continuous operation. Standard 30 L cylinders 

would provide >120 days of continuous operation. 
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NO2 concentrations are directly determined in all channels using equation 7-1, whereas NO, 

O3, and NOy are quantitatively converted to NO2 prior to measurement. Atmospheric NO is converted 

to NO2 via reaction with excess O3, created by flowing O2 over a Hg Pen-Ray lamp (185 nm). As 

described in detail by Fuchs et al. [3], the added O3 results in a small percentage (<1 %) of NO2 

conversion to NO3, which subsequently reacts with NO2 to form N2O5. Similarly, O3 is converted to 

NO2 via the same reaction by the addition of excess NO as described by Washenfelder et al. [103], but 

without the N2O5 interference because NO + NO3 → 2NO2.  

Conversion of the NOy species is performed via gas-phase thermal dissociation in a quartz inlet, 

chosen for its high melting point and because it is relatively unreactive [121]. Figure 7-2 depicts a 

conceptual drawing of the NOy converter. During normal operations, the front half of a quartz tube is 

heated such that the sample air reaches a temperature of approximately 700°C. The inset shows a typical 

temperature profile of the gas in the heater (set to heat the gas to 750°C), measured by insertion of a 

thermocouple probe in the gas flow during ambient air sampling. For a 1.5 SLPM flow, the plug flow 

residence time in the heated section is approximately 48 ms. The Reynolds number is <1000 for the 

given range of temperatures, well in the laminar flow regime. The metal shell ends in a cone-shaped 

nozzle to ensure that the quartz is heated to the inlet end in order to minimize losses of HNO3, which 

can be significant on colder surfaces, especially quartz [116]. After the heated section, NOy components 

have been converted to NO2 (and possibly some NO), which can be transported to the CaRDS 

measurement cell through an arbitrary length of Teflon tubing without significant losses. Since the 

converter itself functions as the inlet, we anticipate particulate sampling with high efficiency and 

include particulate nitrate in our NOy budget [125]. Particulate nitrate entering the converter should 

evaporate rapidly, eliminating inertial loss normally associated with particulate sampling. However, we 

have not attempted to determine a characteristic cut point (a size at which particles are no longer 

transmitted effectively) for the converter as a whole. The thermal conversion process likely produces 

mainly NO2, although some compounds, such as HONO, may dissociate to NO [119]. A small fraction 

of the NO2 may also be reduced to NO by reaction with atomic oxygen in the converter [121]. Finally, 

the thermal converter is not designed to convert NO to NO2. Any NO in the air sample after the heating 

and cooling process is converted to NO2 via addition of excess O3 just prior to the CaRDS measurement 

cell, as in the NOx channel. The O3 is generated from the same Pen-Ray ultraviolet lamp source and 

split evenly between the two channels using a pair of critical orifices to divide the flow. 

To zero the instrument (i.e. to measure τ0 in equation 7-1), we flush the sample tube by 

overflowing the inlets with air from which all NOx and O3 has been removed (zero air) that is generated 

in-situ (or supplied by a cylinder when necessary). We overflow using an annular inlet (i.e. with zero 

air added through a large diameter tube that surrounds and extends just beyond the sample inlet) for the 

NO, NO2, and O3 channels, and a simple tee fitting, shown in Figure 7-2, is used for the separate NOy 

inlet.  
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Figure 7-2: Diagram of the NOy converter. The heated section consists of nichrome wire wrapped around a quartz 
tube. It is thermally insulated with fiberglass insulation and encased in a metal shell ending in a cone, protecting 
the quartz and conducting heat to the tip. A profile of air temperature as a function of position inside the heater 
with a flow of 1.5 standard liters per minute at atmospheric pressure is shown (with set point higher than normal 
operation). The total residence time in the heated section is about 48 ms. The zero air addition is used for a periodic 
measurement of τ0. Just before the optical cavity, excess O3 is added to convert any NO to NO2. 

 

The overflow during the zeroing process creates a pressure change of <0.2 hPa (0.03 %) for the 

annular inlet and a change of 4 hPa (0.5 %) in the NOy inlet. The changes in pressure for the NOy 

zeroing changes the Rayleigh scattering of the air sample, requiring a correction of approximately 60 

pptv equivalent NO2, which is based on well-known Rayleigh cross-sections and is accurate to well 

within 3 pptv. We zero the channels every 7 min during mobile platform operations but increase this 

time to 15 min for stationary settings (a zero takes between 30 and 90 s, depending on the length of the 

inlet). 

 Results	and	discussion	

7.3.1 Laboratory	tests	

To illustrate the conversion of the various NOy components, we show measured temperature 

profiles of the signal from several NOy species in Figure 7-3. Many of these conversions have been 

previously demonstrated with heated quartz [117, 119-121], and we have repeated tests for the 

compounds that were readily available. For most samples, the output concentration was uncalibrated 

and scaled to unity in Figure 7-3, but a leveling off at high temperature strongly suggests unit 

conversion. We did not explicitly test conversion of the nitrate radical, NO3, but expect full conversion 

at the operating temperature [126]. We directly compared our measurements of HNO3 and PAN to that 

of a heated Mo catalytic converter and saw full conversion at our operating temperature of 700°C. The 

alkyl nitrates (a mix of methyl, ethyl, i-propyl, n-propyl, ipentyl, and i-butyl nitrate from a calibration 

cylinder) show a rapid conversion to NO2 up to 300°C, then a slower increase up to 800°C, where we 
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see full conversion to within the cylinder specifications (±10 %). The slower conversion at higher 

temperature differs from previously reported temperature profiles for organic nitrates [121] and may be 

due to the temperature profile specific to our inlet. Since our design goal is total rather than speciated 

NOy, the behavior of organic nitrates at intermediate temperatures does not significantly affect the 

performance of the total NOy measurement. 

 

Figure 7-3: (Upper plot) Temperature profiles of several of the most abundant components of NOy. HNO3 and alkyl 
nitrates were compared to a known standard, and the other compounds are scaled to unity at high temperatures. 
(Lower plot) Temperature profiles from known quantities of possible interference compounds. NH3 in dry air 
resulted in the only measurable interference of <1 % at 700°C. The interference was less than 0.1 % for air with a 
relative humidity of 10 % or greater. 

 

Some nitrogen-containing gases that are not products of NOx oxidation and therefore not 

components of NOy as traditionally defined could conceivably be converted to NOx at high 

temperatures. If they are present at mixing ratios comparable to or larger than NOy in the atmosphere, 

as can be the case for NH3, N2O, and nitriles, these compounds could represent a significant interference 

for an NOy measurement based on thermal conversion to NO2. We sampled known standards of NH3, 

N2O, and acetonitrile with the thermal converter, as shown in the lower plot of Figure 7-3. Ammonia 

resulted in the only nonzero interference, reaching about 1 % conversion at our working sample 

temperature of 700°C. However, this interference was only present in dry air from a cylinder (<1 ppmv 

water vapor mixing ratio). A relative humidity of 10 % was enough to suppress the NH3 conversion to 

NO2 to below 0.1 %, such that it can be considered a negligible interference in nearly all field situations. 

Like Day et al., we do not expect to be sensitive to aromatic nitro compounds [121]. Furthermore, they 

are not typically expected to be a large fraction of NOy. Reports of particle bound nitro-PAHs in Los 

Angeles, for example, have an equivalent gas phase concentration <0.1 pptv [127]. 
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Other interferences to NO2 detection using 405 nm CaRDS have been described before. A water 

vapor interference results from the change in Rayleigh scattering, which was measured by Fuchs et al. 

[3] and results in a small correction to our data. Absorbing gases other than NO2, such as α-dicarbonyls, 

are a direct interference but constitute a small percentage of NOx in most scenarios [3]. However, since 

these compounds require a higher dissociation temperature than our NOy converter provides, they only 

represent an error in the NO2 baseline. The subtractive measurements of NO, O3, and NOz (≡ NOy − 

NOx) are therefore unaffected by α-dicarbonyls. Direct absorption by ambient O3 in the NO and NO2 

channels represents a negligible interference because the absorption cross-section of O3 at 405 nm is 

1.5 × 10−23 cm2 (~4 × 104 times smaller than that of NO2) [3, 128]. For 50 ppbv of O3, the optical 

extinction is 1.9 × 10−11 cm−1, or equivalent to approximately 1 pptv of NO2. The optical extinction due 

to the added 30 ppmv O3 in the NOx and NOy channels is measurable, but this signal is constant across 

instrument zeroing and thus does not contribute to the measurement. However, it provides a convenient 

means to measure the added O3 by switching the O3 addition on and off during periods of zero air 

sampling. 

The NO2 calibrations of the four channels have also been described in previous papers [3, 103]. 

O3 is measured by a commercial UV absorption O3 instrument and then quantitatively converted to NO2 

in excess NO. The NO2 is then measured by CaRDS in the four channels. This provides four 

measurements of the effective absorption cross-section, 
2NO , which differ by less than 2 % between 

the channels. The day-today variability of these measurements is less than 1 %. Figure 7-4 shows a 

typical plot showing the relation between integration time and 1σ precision (Allan deviation plot) for 

the four channels during sampling of zero air. The dashed lines indicate the expected square root 

relationship for statistically random noise. All channels follow a nearly statistical noise distribution out 

to 100 s integration time, resulting in a minimum detection limit of a few parts per trillion volume. The 

uncertainties of the NO2 measurement in the four channels are due to calibration uncertainties and result 

in a 3 % uncertainty in the base measurement. 16 Conversion of NO2 to N2O5 in the two channels that 

add excess O3 (NOx and NOy) increases the uncertainty of NOx measurements up to 5 %. 
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Figure 7-4: Dependence of 1σ precision on integration time (Allan deviation plots) for the four channels measuring 
NO2 in zero air under laboratory conditions. The dashed lines show the expected trend for statistically random 
noise. The uncertainty of the NOy measurement must include the conversion efficiency uncertainties for the different 
Oy compounds. The comparisons to known concentrations (HNO3, PAN, and alkyl nitrates) showed full conversion 
to within the uncertainty of the standards (approximately 10 %, from the uncertainty in conversion efficiency of the 
Mo converter and the alkyl nitrate cylinder mixing ratio). But for the other compounds, quantitative conversion was 
implied by the temperature profile, and uncertainties are unavailable. We derive a total uncertainty empirically by 
comparison of the thermal dissociation CaRDS instrument to a standard NOy instrument under field conditions. The 
results of this comparison, discussed below, suggest a limiting uncertainty in the NOy measurement of 12 %. 

 
 

7.3.2 Field	comparisons		

The new NOy detection scheme was quantitatively tested during two field comparisons in 2013. 

One was the Uintah Basin Winter Ozone Study (UBWOS) 2013, during which our measurement was 

compared to the sum of the separately measured NOy components. The other comparison occurred 

during the Southeast Oxidant and Aerosol Study (SOAS), where our total NOy measurement was 

directly compared to total NOy measured with a standard Mo catalytic converter.  

The UBWOS 2013 campaign was a four-week study in the Uintah Basin of Utah in February 

and March. The area is host to extensive oil and gas operations and regularly experiences strong 

temperature inversions. This results in very high ozone events as well as elevated levels of NOz (≡ NOy 

− NOx, averaging about 12 ppbv over the campaign), making it an ideal field test for the NOy converter. 

In addition to our measurement of total NOy and NOx, two chemical ionization mass spectrometers 

measured concentrations of HNO3, ClNO2, HONO, and PAN [39, 129]. A particle-into-liquid sampler 

measured particle phase inorganic nitrate, and a separate cavity ring-down system measured NO3 and 

N2O5 [1]. 
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Figure 7-5: (a) A representative time series showing several days of measurement comparing the total NOy as 
measured by our instrument with the sum of NOy components during the February/March UBWOS field campaign, 
during which NOx contributed 28 % to NOy. (b) Correlation plot of NOy to the sum of components for the entire 
campaign. (c) A time series comparing the total NOy measured by TD to total NOy measured by a Mo catalytic 
converter used by Atmospheric Research and Analysis, Inc. (ARA) during the June/July SOAS field campaign, 
during which NOx contributed 43 % to NOy. (d) Correlation plot for the two methods for the entire campaign. All 
data shown are 5 min averages.  

 

During this campaign we observed degradation of the mirror reflectivity to unworkable values over the 

course of 5 min time scales when sampling behind the heated inlet and without purge volumes in place. 

The cause of this degradation was not clear, but it may have been the result of production of condensable 

gases from hydrocarbon degradation occurring in the NOy converter. Measured hydrocarbon mixing 

ratios were anomalously large, in excess of 0.5 ppmv on average and frequently several parts per 

million, due to the location of the sampling site in a natural gas extraction field [130]. Installation of a 

hydrocarbon scrubber tube downstream of the NOy converter prevented mirror reflectivity degradation 

without apparent influence on measured NOy, increasing response time by a mere 150 ms1. We observed 

                                                      

 

1 This hydrocarbon scrubber is the same as the one used in the Thermo Electron Corporation’s Model 
43C-TLE SO2 instrument. Documentation can be found at 
www.thermo.com/eThermo/CMA/PDFs/Product/productPDF_20982.pdf 
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the scrubber to be required for measurements during this campaign, though subsequent trials, including 

another campaign in the Uintah Basin in 2014, did not require use of the scrubber. In the upper part of 

Figure 7-5, we show the comparison between our total NOy measurement and the sum of the NOy 

components as measured by different instruments (not including organic nitrates), for which NOx 

represents a 28 % contribution to NOy. Figure 7-5 shows a representative time series over a few days. 

In Figure 7-5b we plot the correlation between the NOy measurement and the sum of the components 

over the whole campaign. The data presented are 5 min averages because inlets had small differences 

in location (several meters separation) at the field site, and because of frequent transient high-NOx 

spikes that were inhomogeneously mixed. On average, the new NOy instrument measured 0.9 ppbv (6 

%) higher NOy than the sum of components. This difference may be due to organic nitrates, for which 

data are not available in 2013, or simply from the combined uncertainties of the individual 

measurements. 

The SOAS campaign was a six-week study in central Alabama in June and July of 2013. The 

site is co-located with a SEARCH network monitoring station maintained by Atmospheric Research 

and Analysis, Inc. (ARA), which collects long-term measurements of a suite of gases, including total 

NOy. The ARA NOy measurement is performed using a standard Mo catalytic converter that converts 

NOy to NO, followed by chemiluminescent detection of NO. The SOAS campaign thus provided an 

opportunity for direct comparison between the TD-CaRDS NOy and a more conventional NOy 

instrument. The inlets were separated by about 110 m horizontally and 15 m vertically, with the ARA 

inlet positioned a few meters above ground. Although mirror purge volumes were also not used for this 

campaign, a hydrocarbon scrubber as in the UBWOS campaign was not required. However, the high 

humidity of air sampled during summertime in Alabama required drying the sample air with a cold trap 

for all the channels (after the converter for the NOy channel) in order to avoid signal degradation due to 

water vapor condensation on the mirrors. This modification is similar to that used on commercial 

CaRDS instruments that measure NO2 alone [124]. The cold trap reduced the relative humidity to <15 

% but did not measurably influence the transmission of NO2. 

The lower part of Figure 7-5 shows a comparison of the two measurements. In this case, the average 

NOx contribution to NOy was 43 % during the SOAS campaign. High concentration spikes tended to 

show poorer agreement, most likely due to the separation between the inlets. In Figure 7-5c, we plot a 

time series of the two instruments spanning 2 days with low occurrences of large concentration spikes. 

In Figure 7-5d, we show a correlation plot of all the data from the campaign. The slope is equal to unity 

to within our 5 % measurement uncertainty, but there is an average offset of about 140 pptv. This offset 

may be caused by variation in the sensitivity to specific components of NOy, such as coarse aerosol 

nitrate, between the two instruments, a real difference in ambient NOy due to the separation of the inlets, 

a systematic error between the two instruments, or a combination of these. Nevertheless, the observed 

offset provides an upper limit for our NOy measurement uncertainty relative to an accepted standard 
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measurement method. Taking the difference between the two measurements, dividing it by our 

measurement, and averaging the result over the whole campaign results in a 12 % upper limit 

uncertainty estimate for our NOy measurement.  

 Conclusions	

In summary, we have described a compact CaRDS instrument measuring NO, NO2, O3, and 

total NOy. Although we encountered potential artifacts due to response of the mirrors to relative 

humidity and extreme VOC concentrations, the instrument in its current form is robust, able to operate 

essentially unattended for days to weeks at a time. We have further demonstrated a new technique for 

measuring NOy using thermal decomposition to NO2 in a heated quartz inlet, followed by conversion 

of NO to NO2 in excess O3. 

Temperature profiles of individual components are consistent with unit conversion efficiency 

for every NOy component measured, and there is no significant interference from other reduced nitrogen 

compounds. Instrument performance has been demonstrated with comparisons at two ground sites. 

These field tests show agreement both with the sum of NOy components measured by separate, 

independent instruments and with a measurement of total NOy by a standard molybdenum catalytic 

converter to within <1 % correlation and an absolute offset of 140 pptv. The latter comparison allows 

us to empirically define an upper limit on the NOy measurement uncertainty of 12 %, although the 

uncertainty may depend on the relative concentrations of NOy components. The instrument performance 

was equivalent while sampling from within a moving vehicle (instrumented van) and is likely to be 

appropriate for aircraft sampling based on our previous experience [4]. 

Future work will involve investigation of methods to prevent mirror degradation without the 

need for drying the sample air or scrubbing it of hydrocarbons. Designs are currently being tested for 

smaller purge volumes that require smaller path length corrections than our previously reported 

instruments, or for testing other methods to make the mirrors less susceptible to condensation effects. 

The current instrument, while smaller than previously reported versions, can be further reduced in size 

and weight to allow for more versatile deployments on mobile platforms. 
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8. Discussion	

The author’s main contributions in the development of CaRDS instruments for airborne 

detection of nitrogen oxides are in six areas: instrument rack design, automated filter changer, low loss 

inlet design and flow control, optical cage design, clamped/nudged mirror mounts, and purge system 

improvements. These areas are discussed in detail in this chapter.  

 Instrument	rack	design		

The rack design for an airborne instrument is often overlooked. While the main purpose of the 

rack is to provide physical support for the instrument components, it can also play a role in, for example, 

vibration isolation. Improvement of rack design can also save mass, which is important in airborne 

applications where mass is typically highly restricted. Improved rack design can also save cost.  

8.1.1 Welded	steel	instrument	rack	as	replacement	for	standard	aluminum	

The traditional instrument rack design is based on riveted and/or bolted aluminum extrusions, 

plates, and other standard structural parts. This standard rack design is typically used for NASA’s 

airborne instruments. An example of a riveted design is shown to the right in Figure 8-1. The riveted 

aluminum racks are comparatively expensive and can still be rather heavy. While high-strength 

aluminum is the established standard material for airborne applications, high-strength 4130 alloy steel 

was considered instead as a superior instrument rack fabrication material in the NOAA applications 

presented in this thesis. The specific strength (strength per unit mass) of different steel alloys can be as 

high, or higher, than that of aluminum. Finite element analyses (Figure 8-2) showed that a frame made 

from welded 4130 alloy chrome-moly steel could result in higher strength, lower weight (30 % mass 

reduction), and lower cost than an aluminum rack that is riveted or bolted together. It can also provide 

better vibration isolation, which will be discussed in subsequent sections.  

Extensive finite element analyses (FEA) were performed for the welded steel design for 

comparison with the traditional riveted aluminum design. Figure 8-2 illustrates the FEA displacement 

under 7 G loading for the welded steel rack. In all aspects of the finite element analysis and structural 

analysis, the welded steel design performed equal or better than the riveted aluminum design. FEA 

simulations and structural analyses on the welded steel instrument racks were submitted to a Federal 

Aviation Administration (FAA) Designated Engineering Representative (DER) for certification 

approval. The certification was necessary to use them on research aircrafts, such as the NOAA P-3, the 

NOAA Twin Otter, the NASA DC-8, and the NCAR C-130.     

Welded steel racks were used in numerous field missions [2, 4, 6, 7, 103, 131], as well as the 

latest mission using the NOAA Twin Otter aircraft (Figure 2-6c and Figure 8-2).  
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Figure 8-1: Traditional riveted aluminum instrument rack to the right, and two welded steel racks to the left (in 
blue) on the NOAA Twin Otter airplane on the latest field mission, the Utah Winter Fine Particulate Study (UWFPS) 
2017.    

 

Traditional riveted aluminum 
instrument rack. 

Welded steel instrument racks. 
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Figure 8-2: Finite Element Analysis of the welded steel instrument rack design. The illustrations display the 
displacement during a simulated 7G acceleration load.  
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8.1.2 Vibration	isolation		

Vibration is always a concern on a mobile platform, particularly on propeller-driven aircrafts. 

Hence, one of the main focuses for the first deployment of a CaRDS instrument was vibration isolation. 

Early experience with field deployments of CaRDS systems on a ship had shown that they are rather 

robust with respect to vibration [1]. Thus, the approach to manage CaRDs instrument vibration in 

aircraft deployment was less rigorous than initially anticipated. The decision was made to not vibration 

isolate the optical table in the ARNOLD instrument from the rack and the support systems. Instead, the 

optical table was purposely coupled to the rack and other non-vibrating support equipment (such as the 

computer, gas bottles, and flow controllers). The much larger mass caused the optical components to 

be better vibration isolated from the aircraft and from the vibration isolators. Vibrations that leaked by 

the wire-rope vibration isolators were attenuated to a degree, by the purposefully supple support frame. 

Moreover, the instruments and support equipment helped “soak up” and damp the leakage vibration 

before it reached the optical table and the most vibration-sensitive CaRDS components on the optical 

table. This approach proved successful as there were virtually no vibration-related issues during the 

deployment of the instrument. The instrument sensitivity, as measured by the precision of the ringdown 

time constant, was identical for the aircraft on the ground without engines running and during flights 

(see [1]).  

Over a decade later, the approach to vibration isolation is still the same. Vibration isolation of 

the entire instrument rack, rather than just the optical components within the rack, has now become the 

norm for airborne CaRDS instruments.  

8.1.3 Benefits	of	the	new	rack	design	

Improved instrument access 

• 4130 steel frame members are ~2× the strength and ~3× the modulus of aluminum frame 

members, resulting in much smaller size of steel frame members of equivalent strength and 

stiffness. 

• The slender steel frame members significantly improve physical access to the individual 

components installed in the rack, much improving the ease of maintenance and repair of 

instruments. 

Installation advantages 

• The smaller steel frame members reduce the outer dimensions of the equivalent capacity rack.  

• The smaller overall dimensions, coupled with inset welded instrument mounting rails, allow the 

4130 steel racks to be installed on the aircraft fully populated with instruments. This greatly 

hastens the aircraft integration process and reduces the time required for installation (by more 

than a factor of 20) for the same capacity steel instrument rack. 
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Cost savings 

•  The fabrication cost of a welded 4130 steel rack is approximately 1/5th of the cost of a riveted 

aluminum rack of the same capacity (US$ 2,500 vs. US$ 12,500 in the year 2017).  

 Automated	filter	changer		

As described in section 3.2.3, the largest contribution to the visible extinction signal in ambient 

air is generally due to scattering by aerosol, which makes filtering of the inlet air necessary. However, 

manually changing a filter in an airborne instrument inside a pressurized aircraft is far more challenging 

than in a laboratory environment. The inlet line from the exterior of the aircraft needs to be sealed off 

and the sampling flow has to be stopped before the filter can be exchanged. After the installation of the 

new filter, the inlet continuity must be again restored, and the flow through the instrument can be 

resumed. A manual filter change therefore typically requires a minimum downtime of 10 min with a 

frequency of typically one filter change per hour, depending on the cleanliness of the atmospheric 

environment. The frequent and extended downtimes of an instrument in an aircraft do not only affect 

the spatial coverage of a monitoring mission, and thus the analysis of the data, but it also adds a 

significant cost to a project. The fuel cost alone of flying the P-3 Hurricane Hunter is ~$10,000 per 

hour. Although that cost is split over several instruments, it is easy to assign a direct expense of the 

downtime caused by the filter changes. 

The automated filter changer described in section 3.2.3 was one of the first large improvements 

that made airborne deployment practical. The automated filter changer reduced the filter change time 

from 10 min to 10-20 s. In addition to the lower downtime, it also allows for autonomous operation of 

the instrument. An exploded view of the automated filter changer is shown in Figure 3-4. Figure 8-3 

shows the filter changer mounted to the ARNOLD instrument. 

The greatest challenge in the development of the automated filter changer was the handling and 

transport of the filters. The filter material is a very thin and delicate porous Teflon membrane. It was 

not available on a continuous roll, but only as pre-made circular filters with a thin plastic support rim. 

The filters were not designed to be handled automatically, and they were not uniform or even flat. The 

spread in curvature varied greatly.2  

                                                      

 

2 The uniformity of the filters has indeed much improved in recent years, but it was a significant challenge 
when the automated filter changer was initially developed. 
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The final solution was to place each filter in a support ring before they were loaded in the fresh 

filter reservoir (to the left in Figure 8-3). The support rings were made of aluminum or Delrin, but 

mostly aluminum rings were used.  

A total of three automated filter changers were built. They have all been in use for ~13 years. 

One is currently installed on the ARNOLD instrument and another one is installed on the NOAA N2O5 

and NO3 CaRDS field instrument “RONALD” (not covered in this thesis). The third one is currently 

kept as a spare, but has been used by other research groups from time to time. Instruments equipped 

with the automated filter changers have generated data for a series of publications, [1, 2, 4, 6, 7]. 

 

 

Figure 8-3: The filter changer mounted to the ARNOLD instrument. More details of the design are shown in the 
exploded view in Figure 3-4. 

 

 	

Fresh filter reservoir Sight glass 

Vacuum/pressure 
tubing to actuate 

piston Used filter reservoir 
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 Low	loss	inlet	design	and	flow	control	

High loss inlets and pressure fluctuations in the gas lines are detrimental to the accuracy of 

CaRDS instruments. Therefore, proper inlet design and improved flow control are essential for airborne 

deployment of CaRDS instruments. This section will discuss four major aspects in this context: (i) A 

low loss Teflon machining technique, (ii) a coaxial flow type zero air addition scheme, (iii) the 

integration of flow controls, and (iv) isothermal pressure reduction. The improved inlet designs were 

first used in [2], and have been used in all airborne deployments afterwards [3-5]. 

8.3.1 Low	loss	materials	and	Teflon	machining	technique		

Publication B [2] (Chapter 4) presented a study of gas line transmission losses. This section 

will present some of the details in the low loss machining, and further work performed to identify the 

optimum low-loss materials for inlets.  

Based on the present knowledge of nitrogen oxide detection at NOAA, unmodified injection-

molded FEP (Fluorinated ethylene propylene, also known as Teflon) and PFA (Perfluoroalkoxy 

alkanes, a material similar to Teflon) appears to have the lowest surface loss for NO3 and N2O5 of any 

material that was used at NOAA thus far. While developing prototype instruments, custom shapes are 

very often needed for parts of the inlet systems that are in contact with N2O5 and NO3. When the surface 

of virgin cast or injection-molded PFA or FEP is machined, the losses to N2O5 and NO3 increase 

dramatically. Machined surfaces generally present losses that are many times that of injection-molded 

PFA or FEP, but the loss depends highly on the way the surface is machined. 

To determine the effect of the machining and cleaning processes, the interior of a large number 

of 4 in. (102 mm) long, ¾ in. (19 mm) (outside diameter), PFA tubes was machined in different ways. 

The machined pieces were compared against a 4 in. (102 mm) length of ¾ in. (19 mm) injection-molded 

PFA tubing, which served as the most inert reference. In our experience, FEP and PFA parts are 

indistinguishable in terms of NO3 loss, and this was also confirmed at that the beginning of these test 

experiments. Because of this, only PFA parts were used in the testing. For practical reasons, only losses 

of NO3 were measured. N2O5 is a less sensitive compound than NO3, so it was expected that a material 

with low loss of NO3 would also result in a low loss of N2O5.  

Tests for NO3 losses were performed using the same measurement system described in Figure 

4-5 of chapter 4. However, there were several key differences in the configuration used for these loss 

tests, in contrast to the inlet efficiency test configuration shown in the figure. The nylon tubing section, 

labeled “h” in Figure 4-5, used NO3 scrubbing in the inlet efficiency test configuration, became the 

swappable PFA tubing test section for these loss tests. Also, the second 662 nm NO3 channel was used 

instead of the 532 nm NO2 channel (“i”). Additionally, the 130°C conversion heater (“b”) was always 

used so that the output of the N2O5/ NO3 source was predominately NO3. Both measurement channels 
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were operated at room temperature so they would be sensitive to NO3 and conversion of N2O5 would 

not occur. 

Loss was evaluated in each machined test section of PFA by comparison with a reference 

section of extruded PFA tubing. The reference extruded PFA was placed in the test section, (“h” in 

figure 4-5.) The system was allowed to stabilize for several minutes. NO3 was measured on both the 

upstream channel and the downstream channel, and recorded. Then the machined PFA tubing was 

substituted, the measurement allowed to stabilize, and the upstream and downstream NO3 

concentrations were again measured and recorded. The reference extruded PFA tubing was then placed 

in the test section once again. The measurement was then repeated and recorded to check for any 

possible drift.  

The goal of the experiment was to evaluate the relative loss of NO3 on the machined PFA 

surface as compared to extruded PFA reference. With the reference section installed, the amount of NO3 

detected in the upstream channel was subtracted from the NO3 detected in the downstream channel. 

Subsequently, with the machined section installed, the same difference measurement between the two 

channels were repeated. The result was the ratio of the machined section loss divided by the reference 

section loss. Measurements found to have discernable drift between the bracketing reference section 

measurements were discarded and the measurement sequence was repeated. The surface area of the test 

sections was very large compared to the rest of the system, and extended residence time within the 4 in. 

length of the test sections made other, minor, losses in the system negligible.  

The parameters that were varied comprised the feed rate, the machining speed, and machining 

tool features on the lathe. Oven treatment was also tested. All machining tests were performed on a 

single lathe by a specific machinist using inside boring tools that had different tip curvatures and sizes. 

The speed of the tool relative to the material appeared to have no obvious influence on the surface loss, 

i.e. all tool surface speeds resulted in the same surface loss. The feed rate or thread pitch (rate of the 

tool travel per revolution of the lathe relative to the material) made a large difference to the loss, 

however. Slower feed rates (finer thread pitches) lead to larger losses, which was surprising.  The tool 

tip radius also strongly influenced the NO3 losses, which decrease with increasing tool tip radius. The 

results of this study are illustrated in Figure 8-4. A very finely honed tool cutting edge, (as opposed to 

a tool of standard sharpness) also affects the losses slightly, i.e. a sharper tool cutting edge will lower 

the expected losses. A high feed rate using a large radius tool that was carefully sharpened turned out 

to produce the lowest surface loss. Essentially, a surface having widely spaced shallow scallops was 

found to have the lowest loss. 

Surprisingly, annealing machined parts in an oven did not further minimize the losses in 

comparison to optimally machined PFA. For the very best machined parts, (lowest loss) the reduction 

in loss was within the experimental error of the tests, even when the annealing oven temperature was 
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raised to near the melting point of PFA. Only for the worst (high loss) machined parts heating in an 

oven lead to a ~50% reduction of loss, bringing the poorly machined part nearer in losses to an optimally 

machined part. Thus, simply employing a more optimal machining technique during fabrication would 

result in a far better outcome than oven treatment of a poorly machined part. Also, the oven treatment 

would often result in geometrical distortion of the part, which would require re-machining to return the 

part to tolerances.  Oven treatment, thus, did not seem a fruitful path.  

 

Figure 8-4: (a) NO3 loss versus the tip radius of the boring bar used for machining the Teflon tube. (b) NO3 loss 
versus the thread pitch. (c) Predicted losses from machined PFA versus measured loss using a multivariate linear 
fit of tip radius and thread pitch versus loss.  

 

The best machined PFA result with the lowest surface loss was a ~50% increase in losses over 

injection molded PFA. This was achieved by single point machining (one machining pass over the 

surface) using a very sharp, large radius, facing tool. The tool path was a single pass, large pitch spiral, 

shown in Figure 8-5d. This result lead to the conclusion that a coarse thread made with a scoop-like 

tool forming a wide, non-overlapping tool path was the best machining technique for low NO3 losses. 

a) 

b) 

c) 
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a) b) 

c) d) 

Sharp point (highest loss) 0.020” (0.5 mm) radius tip  

0.030” (0.8 mm) radius tip, with 

“chatter”  

0.060” (1.5 mm) radius tip  

(lowest loss) 

A more traditional machined surface, comprised of many closely-spaced, sharp, overlapping cuts, was 

found to be the highest loss surface. This traditional machining process, shown in Figure 8-5a, results 

in a more visually appealing surface finish, but causes significant surface losses. The losses for the other 

surfaces shown in Figure 8-5b) and c) were in the range between surfaces shown in Figure 8-5a) and 

d). 

One can interpret the results of the machining process on basis of the interaction between the 

tool and the polymer chains in the PFA (or FEP) material. During the machining, polymer chains are 

cut and expose the non-inert ends at the surface. “Pointy” small-radius tools tend to “plow” the surface, 

cutting many polymer chains on the surface resulting in an increase in the wall losses. Small radius 

tools also tend to dig into the surface cutting more chains, bringing them to the surface. Conversely, a 

larger radius, “scoop-like” sharp tool, makes fewer adjacent passes on the surface, and hence cuts fewer 

chains and thus exposes fewer reactive chain ends. This results in a lower interaction with reactive 

species in a gas flowing over that surface. Virgin injection-molded PFA has far fewer broken polymer 

chains and even fewer active sites on its surface. Thus, injection-molded PFA (and FEP) exhibits much 

lower surface losses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8-5:  Micrographs showing the inside surface of selected machined PFA tubes in this study. The reticle in 
each photo shows units in mm. The micrographs were taken with an optical microscope through the end opening of 
the tube.  
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8.3.2 Coaxial	flow	type	zero	air	addition	scheme		

It was apparent after the first airborne deployment of the ARNOLD instrument (Publication A 

[1], chapter 3), that pressure control is critical to optimize detection sensitivity and accuracy. Pressure 

changes can change the alignment of the cavity mirrors, change the density of the gas, and alter the 

Reynold’s number of the flow in the measurement cell, all of which can negatively affect the ring-down 

time. However, pressure fluctuations were addressed differently in the different instruments. This 

section will address the coaxial flow zeroing of the NO2 channels in the NOxCaRD instrument. (The 

NO2 channels in the ARNOLD instrument use a very similar experimental approach, but in the NO3 

channels pressure fluctuations are addressed in a completely different manner, which will not be 

covered here).  

The zeroing process of NOxCaRD has been described in Publication E [5] (Chapter 7). The 

zeroing is necessary to measure τ0 in equation 7-1, and is accomplished by overflowing the channel 

with purified air that is either generated onboard by scrubbed ambient air, or supplied from a cylinder 

of commercial zero air. Traditionally, the zero air is injected through a T-connection in the inlet. The 

problem with this scheme is the resulting pressure increase in the cavity. This is due to the flow being 

reversed in the short length of tubing upstream of the T-connection where zero air is introduced. A 

negative pressure drop at the T-connection becomes a slightly positive pressure increase during the 

zeroing process. To avoid this pressure increase, a coaxial flow type zero air addition scheme was 

developed and tested, which was used in [5]. The T-connection and the coaxial zero air addition designs 

are compared in illustration Figure 8-6. 

With the new design, the zero air is added in front of the inlet through an outer, coaxial tube, 

which minimizes pressure changes. The outer tube forms a small cavity in front of the regular inlet, and 

during the zeroing process the flow envelopes the entire cavity with zero air. The flow of zero air slightly 

increases the pressure at the entry length of the inlet. However, this increase is nearly canceled out by 

the Venturi effect of the zero air flow traveling in the opposite direction, which causes a slight pressure 

drop. The overhang length of the outer tube is determined experimentally, but is typically 25-50 mm, 

depending on the severity of the wind traveling perpendicular to the inlet. On the ground, a short 

overhang suffices because the wind is typically mild. On an airplane, or in more severe winds, a longer 

overhang is needed to overcome the mixing of ambient air with the overflowing zero air.   

Some minor pressure changes may still be present despite the coaxial flow of zero air. Any 

small change in optical extinction due to pressure difference during the zero air addition is explicitly 

corrected using the known Rayleigh scattering of zero air, and was never greater than the equivalent of 

6 pptv of NO2 in the field mission reported in ref [103]. Measurements in ambient or humidified air 

require an additional correction for water vapor, because the Rayleigh scattering cross-section of water 

vapor is smaller than that of dry air (note: commercial zero air has negligible water content). It is worth 
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noting, however, that this correction affects both the Ox and NO2 channels similarly, and hence did not 

affect the O3 measurement during the deployment in ref [103]. 

 

Figure 8-6: Traditional T-connection zero air addition (upper panels) causing pressure fluctuations in the 
measurement cell versus coaxial zero air addition (lower panels).   

8.3.3 Integration	of	flow	controllers		

Control of pressure and flow conditions are crucial for the performance of the instrument, 

especially when it is deployed in highly variable environments. Simple manual flow adjustment using 

needle valves and monitoring the flow using electronic mass flow meters (as applied in ground based 

sites) are not appropriate in an aircraft environment. The frequent and rapid ambient pressure changes 

make manual adjustment of the measurement cell flow in conjunction with a simplistic flow metering 

impractical. Thus electronic mass flow controllers with integrated control valves were implemented on 

the first airborne CaRDS instrument. The controllers hold the mass flow in the cells constant as the air 

pressure varies outside the airplane and also within the cabin of the airplane. In combination with the 

pressure transducers and the temperature measurements within the measurement cells, an in-house 

developed LabView program periodically adjusts the settings on the mass flow controllers to maintain 

a step-wise constant volumetric measurement cell flow as the air density changes with altitude. Since 

the N2O5 to NO3 conversion process depends on the residence time in the pre-heater the flow time is 

more important for the conversion than pressure constancy. Thus, to keep the conversion process within 
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range, the residence time of the incoming air in the heater must remain approximately constant. A 

constant residence time in the measurement cell also helps maintain data quality. The time resolution 

of the instrument is not a function of pressure or incoming air temperature because the volumetric flow 

through the cell is held approximately constant by the controllers (Alicat Scientific).  

The residence time in the inlet system varies with changes in the flow. Changes in the residence 

time adversely affects the reaction time in the O3, NO, and NOy mixing volumes, and the N2O5 

conversion heaters. Holding the flow steady under the varying barometric pressure by using flow 

controllers makes the measurement possible. Flow controllers were vital to deploy CaRDS instruments 

on a mobile platform, especially an airplane. 

8.3.4 Isothermal	pressure	reduction		

It was known that the inlet efficiency played an important role in the uncertainty of the 

measurement and it was believed that a faster flow would reduce the inlet losses and increase the inlet 

transmission efficiency. However, the flow through the cavity must remain laminar, which limits the 

allowed Reynolds number, Re. As seen in equation 8-1,  


 lv

Re ,      (8-1) 

can be held constant and the flow velocity increased, if the density of the air is reduced.  In equation 8-

1 ρ is the density, v is the velocity of the air, l is the characteristic length, and μ is the dynamic viscosity.  

It was discovered in early flights with the ARNOLD instrument that high altitude did not 

decrease the sensitivity of the measurements. This led us to realize that the instrument could be operated 

continuously at reduced pressure. This would give the necessary density decrease allowing for increased 

flow velocity while maintaining the same Reynolds number, and thus maintain laminar flow through 

the system. It was also suspected that the reduced pressure may have other benefits.  

Hence the pressure of the sample air is reduced from ambient pressure to ~300 mbar in the NO3 

and N2O5 channels in the ARNOLD instrument. At this pressure, the lower number density of the sensed 

gas species is compensated by the lower scattering losses for a given mirror reflectivity, so that the 

sensitivity of the instrument is not compromised by using a lower operating pressure. The reduced 

pressure however, leads to a lower contamination of the inlets and cells over time and therefore 

significantly reduces the inlet losses. The decrease in inlet loss can be attributed to the evaporation of 

“wet” and perhaps sticky aerosols in the isothermal pressure reducer before the gas reaches the 

measurement cells, fittings, and filter changer. 

The most common solution to create a reduced pressure in a scientific instrument is by the use 

of a critical orifice, which results in an adiabatic pressure reduction. This is a simple solution, but has 

the drawback that the temperature changes in an adiabatic pressure reduction. In contrast, if the 
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temperature of the air is kept constant, the relative humidity will decrease in the pressure reduction, 

which will dry out aerosols and evaporate VOCs. This in turn was expected to decrease the deposition 

of humidity, sticky aerosols, and other reactive compounds. It turned that isothermal pressure reduction 

resulted in longer maintenance intervals, increased accuracy, and less drift. The higher velocity also 

decreased the residence time in the cell, resulting in increased time resolution. Higher time resolution 

also translated into higher spatial resolution, which is very important on a fast moving airplane such as 

the NOAA P-3 Hurricane Hunter that cruises at 208 m/s (466 mph).  

The isothermal pressure reduction can be accomplished by a section of smaller diameter tubing 

in the inlet system just inside the airplane. An 1/8 in. (3.2 mm) internal diameter tubing is inserted in 

the flow system that otherwise consists of 1/4 in. (6.4 mm) tubing. The narrow tube creates the pressure 

drop along the length of the narrow section of tubing through the wall friction instead of an abrupt 

pressure drop that occurs using an orifice. The length of the tube is experimentally determined, and 

varies slightly with each batch of tubing; a typical length is ~150 mm. The tube section does not use 

standard fittings. These tend to compress the inner diameter of the tubing where they grip the outer 

diameter, forming the abrupt orifice which would promote adiabaticity. Instead, the 1/8 in. (3.2 mm) 

diameter tubing is slightly stretched and then inserted into a thin-walled 1/4  in. (6.4 mm) tubing. Then 

1/8 in. diameter tube will relax and form a seal to the 1/4 in. diameter tube. Clamps are added on the 

outside of the 1/4 in. tube to secure the restrictor without causing any major internal changes of the 1/8 

in. diameter tube.  

 Cavity	stability	considerations		

The alignment of the cavity mirrors is most critical for the performance of a CaRDS instrument, 

especially if deployed in a field environment where conditions cannot be controlled as rigorously as in 

a laboratory. The mirror mounts are subjected to a multitude of forces, all of which act to move the two 

cavity mirrors out of alignment. The measurement cell is typically sealed to the mirrors, and the cell 

pressure acts on the mirror face, which is reacted by the mirror mounts. When the internal pressure 

changes, the mirror mounts can flex and allow the mirror to move out of alignment. Standard optical 

mirror mounts which use fine screw adjustments acting in opposition to simple coil springs (or perhaps 

flexure leaf springs) are not designed to tolerate these forces, and the alignment can be permanently 

altered from its optimum.  

The mirror alignment can also be affected by differential thermal expansion and contraction of 

the cell (or the optical breadboard) itself, which exerts forces on the mirror mounts. Moreover, inertial 

acceleration forces, due to the movement of the frame of reference on an airplane and of course 

vibrations in that kind of environment exert forces on the mounts that all can affect the cavity alignment. 

Finally, mechanical creep often coupled with “stiction” in the cell materials and seals result in changes 

in the force on the mirror mounts over time, causing long-term misalignment.  
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A new design of an optical cage for ring-down cavities in conjunction with the development of 

a clamped/nudged mirror mount system has eliminated many of these alignment and stability issues.  

8.4.1		 Cage	design	

In the new design the optical bread board was replaced by a carbon-fiber cage. The cage 

distributed the forces symmetrically about the mirror axis, as opposed to the asymmetric, cantilevered 

arrangement of the mount attached to an optical bread board. The carbon-fiber additionally had the very 

desirable attribute of extremely high modulus (stiffness) and low thermal expansion. The 0.500 in. (12.7 

mm) unidirectional pultruded carbon-fiber composite rods have a tensile strength of 200,000 psi (1.375 

GPa) and a modulus (“stiffness”) of 17,800,000 psi (1227 GPa). More important for optical stability, 

they have a coefficient of linear thermal expansion of only 1-2  10-6 in./in./°F (1.8-3.6  10-6 

mm/mm/K) depending on the exact mix of the resin and the carbon-fiber. Aluminum has 20 or 30 times 

larger thermal expansion coefficient, and steel exhibits a 10 to 20 times larger thermal expansion. The 

modulus of the carbon fiber rods is approximately twice that of aluminum and two-thirds that of steel. 

The high modulus in conjunction with the low thermal expansion resist deflection caused by inertial 

and mechanical loads that the cage is routinely subjected to during flight, shipping, inadvertent rough 

handling, and pressure changes in the measurement cells. The extremely low thermal expansion makes 

the cavity length and alignment largely immune to temperature changes.  

As with all new design concepts, the cage design went through several iterations. Figure 8-7 

illustrates the very first proof-of-concept for the cage design. The selected rods were too thin and too 

closely spaced, resulting in an unacceptable deflection. This problem was mitigated by increasing the 

rod diameter to 1/2 in. (12.7 mm) and increasing the spacing. The improved design resulted in the very 

first version of NOxCaRD (Figure 8-8) described in chapter 5.  

The cage type optical system for NOxCaRD was one of three that were designed and built 

simultaneously. These early cage systems had traditional spring and screw type optical mounts holding 

the high reflectivity cavity mirrors. They were an improvement over the optical breadboard type 

systems, but, more importantly, they served as an important stepping stone toward the present cage 

system design having “nudged and clamped” mirror plates (covered in the next section). The final cage 

design for NOxCaRD proved extremely robust and is now used for all types of CaRDS instruments in 

our laboratory and other laboratories.  

The carbon-fiber cage  has been used in the multichannel instruments NOxCaRD (first use in 

[3]) and “ACES” (Airborne Cavity Enhanced Spectrometer) [5, 7, 131], and will also be implemented 

in the next generation of the ARNOLD instrument as well as in the CARDINO instrument (see section 

1.1). Renderings of the new ARNOLD instrument are found in Figure 2-4 and Figure 2-5. An 

intermediate version of the ARNOLD instrument with the new optical cage system mounted in the old 

instrument rack is shown in Figure 8-9 and Figure 8-10. 
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Figure 8-7: A first proof-of-concept cage design that was built but never integrated into an instrument. The rods 
were too thin and too closely spaced. It exhibited unacceptable deflection. 

 

Figure 8-8:  The earliest version of the new cage design that was employed in the NOxCaRD instrument in 2009. 
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Figure 8-9:  An intermediate version of the new 6-channel ARNOLD instrument, with the new optical cage system 
described in section 2.1 but the old instrument rack and data acquisition system. The instrument measures NO3, 
N2O5, NO2, NO, O3, and NOy concentrations. 

 

 

Figure 8-10:  The intermediate version of the new ARNOLD instrument. The automated filter changer described in 
section 8.2 can be seen to the right in the picture.  
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8.4.2		 Clamped/nudged	mirror	mounts	

While the carbon-fiber cage design was crucial to cavity stability, it did not fully solve the 

cavity mirrors drifting out of alignment due to pressure changes. In order to mitigate this drift problem, 

an additional design feature in the form of clamped/nudged mirror mounts was added. This consisted 

of solid aluminum plates designed for the cage system. The high reflectivity cavity mirrors are mounted 

directly into the aluminum plates, which are then directly clamped to the carbon-fiber rods. The sturdy 

clamps, shown in Figure 8-11, are located on all four corners of a mirror plate. They are machined as 

part of the plate itself. The clamps attach at right angles to the carbon-fiber cage rods. Once aligned and 

clamped, the mirror plates, and thus the cavity mirrors themselves, stay perfectly aligned.  

The alignment of the plates does not require a large range of motion, to generate an optically 

stable cavity. The plates are close to parallel and only small unavoidable machining errors and 

discrepancies based on the cage assembling need to be compensated for. For a proper alignment the 

plates merely need to be tilted by a fraction of a degree. This was achieved by means of small “nudger” 

pieces that were designed to be clamped to the cage rods, one on either side of the mirror plate (see 

Figure 8-11). Using a fine threaded grub screw in the nudger pieces, the mirror plates can be nudged 

into alignment while the clamps on the mirror plates were slightly loosened. After successful alignment 

of the ringdown cavities, the clamps are carefully tightened, and the grub screws in the nudger pieces 

are loosened. The pieces may then be removed from the carbon-fiber rod, or left in place if desired for 

future optimizations.  

A clamped/nudged mirror mount design further reduced the need for re-alignment of the 

mirrors. In contrast with traditional CaRDS instruments requiring daily alignments, the current version 

of NOxCaRD (Figure 2-6), using nudged and clamped cage mirror mounts, has been operated for 

several years, including multiple deployments to the field, and commercial shipping to and from these 

field missions, without alignment for three years. The CARDINO instrument, currently being built at 

UCC, is using this design, and the new ARNOLD instrument has been as well. All details of the holder 

components in the new ARNOLD optical cage system, including the clamped mirror mounts and nudger 

pieces are shown in Figure 8-11. 
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Figure 8-11:  Photo showing the details of the components in the new optical cage system in the ARNOLD 
instrument, including the clamped mirror mounts and “nudger” pieces.  

 

 Purge	system	improvements	

Purge systems, which keep contaminated air from reaching the cavity mirror surfaces, increase 

the effective optical path length by keeping the mirrors clean, and thus increase both accuracy and 

sensitivity of the measurements. However, a poorly integrated purge system can do more harm than 

good. Throughout the development of CaRDS instruments, several different solutions to properly purge 

ringdown cavities were tested, including a purgeless system, which was used in the NOxCaRD 

instrument [5]. This chapter will discuss purge systems and the improvements made, including a coaxial 

purge used in Ref. [7].  

Custom-machined nudger 
piece.

Nudger made from commercial 
shaft collar. Much less 
expensive compared to custom 
machined nudger pieces. 

Aluminum mirror plate. 

Adjustment set screw. 

Mirror plate adjustment screw. 

Mirror plate clamp. 

Pultruded carbon-fiber rod. 

Recess machined in nudger to 
allow access for adjustment of 
mirror plate screw 
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8.5.1 Traditional	purge	systems		

During its first deployment [1] the ARNOLD instrument had a “traditional” purge system. The 

mirror was mounted in a purge volume separated from the measurement portion of the sample cell by 

an orifice and purged with dry zero air to maintain mirror cleanliness. This setup was described in 

section 3.2.1.  While the purge volumes kept the mirrors clean, they caused considerable noise in the 

heated N2O5 channel (see section 3.2.2). Improvements of the purge system were therefore necessary. 

8.5.2 Purgeless	systems		

Because of the problems with noise described above, an approach using a purgeless design was 

tried with limited success. This was used for the first time in the NOxCaRD instrument [5]. The 

purgeless design simplifies the calibrations and eliminates a possible source of error. However, the 

elimination of the purge volumes can lead to degradation in mirror reflectivity under some 

circumstances. Since the sampled air is in direct contact with the mirrors, some compounds can 

condense onto the mirrors, causing a decrease of the ringdown time. This has been observed in an 

environment with high relative humidity and required drying of the sampled air. Mirror degradation in 

the NOy channel was also encountered under conditions of extremely large hydrocarbon concentration 

in ambient air.  

We are planning to revisit purgeless operation in combination with running the CaRDS systems 

at reduced pressure. The reduction in humidity and the drying of VOC aerosols concomitant with 

reduced pressure may be the key to eliminating the purge flows.  

8.5.3 Coaxial	purge	flow			

While the purgeless system eliminated noise and calibration errors, the degradation of mirror 

reflectivity and the degradation of NOy in the NOxCaRD instrument were unacceptable. The latest 

design has a coaxial purge flow (not to be confused with coaxial zeroing.)  In the new design, the sample 

flow is introduced coaxially around the mirror purge flow. This approach reduces turbulence in the 

confluence of the purge flow with the sample flow, and thus allows a significantly shorter purge volume, 

which is desirable. 

The design to experimentally generate a coaxial purge flow, using the mirror mounts discussed in 

Section 8.4.2, is illustrated in Figure 8-12. A small PTFE piece is inserted directly in front of the mirror, 

and protrudes out into the measurement cell. Zero air is introduced through radial passages in the PTFE 

piece, next to the mirror. The sample air is introduced perpendicular to the side of the insert, and flows 

along the length of the outside of the insert in the annular space between the outer diameter of the insert 

and the internal diameter of the acetyl flange (see Figure 8-12). The sample flow then merges with the 

purge flow, in a coaxial manner, as both flows proceed along the measurement cell. A duplicate 

arrangement is on the opposite end of the measurement cell. This innovation reduced the purge volume 
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length from ~50 mm to ~15 mm. The design is used in the instruments NOxCaRD, CARDINO, the 

newest version of ARNOLD.  

 

 

Figure 8-12: Cutaway illustration of the coaxial purge flow design.  
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9. Conclusions	

The work presented in this thesis has shown that pulsed laser-based cavity ring-down 

spectroscopy (CaRDS) can be used for in-situ detection of nitrogen oxides on airborne platforms. The 

successful leap from large laboratory instruments with high maintenance requirements to compact and 

rugged field instruments was possible thanks to extensive engineering work and new innovations. The 

contributions were mainly in the following areas:  

1. Instrument rack design and vibration isolation: Welded 4130 chrome-moly steel racks 

replacing the traditional riveted aluminum rack design resulted in higher strength, lower weight, 

lower cost, and better vibration isolation. The cost reduction was 80 %, and the mass reduction 

was 30 %. Pumps and other vibration causing equipment were mounted directly to the aircraft 

floor, and the entire steel frame, with a lightweight optical table, was vibration isolated. 

2. Automated filter changer: A unique automated filter changer made the task of hourly 

changing aerosol filters rapid and even possible on a pressurized airplane. It decreased the 

downtime from about 10 minutes per hour to 10 seconds per hour, greatly reducing the missed 

data. It also allowed autonomous operation and decreased the need for a dedicated operator 

onboard the aircraft.  

3. Low loss inlet design and flow control: The implementation of flow controllers instead of 

flow meters, made the instrument capable of automatically compensating for the altitude and 

density changes on an airborne platform. In combination with a low loss inlet design, the 

accuracy improved for NO3 measurements from ±25 % to -9/+12 %, and for N2O5 

measurements from ±20-40 % to -8/+11 % in the ARNOLD instrument. Coaxial zeroing 

reduced the disruptive inlet pressure variations and improved both the uptime and accuracy of 

the NO2–based channels.  

4. Cage design: A cage design utilizing carbon fiber composite rods connected to machined 

aluminum end plates addressed the problem of mirrors drifting out of alignment in non-

laboratory environments, and further reduced the vibration sensitivity.  

5. Clamped/nudged mirror mount: A clamped/nudged mirror mount design further reduced the 

need for re-alignment of the mirrors. In contrast with traditional CaRDS instruments requiring 

daily alignments, the instrument NOxCaRD, using nudged and clamped cage mirror mounts, 

has been operated for more than 2 years without alignment. The next generation of instruments 

(CARDINO and ARNOLD) will utilize the same design.  

6. Purge system innovation: Improvements in the purge system, which kept the contaminated 

air from reaching the mirrors, increased the effective cavity length with about 35 mm and 

increased both accuracy and sensitivity of the measurements.  
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The publications [1-5] illustrate the development, application, performance and quality of two 

specific CaRDS instruments, NOxCaRD and ARNOLD, whose evolution and experimental design 

features are outlined in this thesis. The next generation of ARNOLD instrument as well as a new 

instrument CARDINO, which are currently under construction at NOAA and at University College 

Cork, will utilize all design improvements outlined here. Both instruments are expected to be compact, 

sensitive, accurate and rugged multi-channel CaRDS devices, highly suitable for airborne 

measurements.   
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