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Atmospheric Science and Spectroscopy
• Numerous very high sensitivity analytical methods in 
atmospheric science …. Mass spectrometry, fluorescence 
luminescence, chromatography, etc.

• Major advantage to spectroscopic methods (at least via Beer-
Lambert extinction) is that they are absolute

• But … generally insensitive compared to other methods
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Cavity Enhanced Spectroscopy

For  R ≈ 0.9999 (or 1-R ≈ 10-4) and d = 1 m

Effective path length is comparable to the depth of the 
atmosphere
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Scientific Questions in Atmospheric Chemistry & Composition



Significant focus on development of 
atmospheric measurement technology

e.g. PALMS sTOF, Nitric Oxide Laser Induced Fluorescence (NO-LIF), Micro 
Doppler Lidar (MICRO DOP), Miniature Sun Photometer

INSTRUMENT DEVELOPMENT & FIELD CAMPAIGNS

Tropospheric Chemistry Focus on Mass 
Spectrometery and Optical Spectroscopy

Aircraft
Ships
Mobile Lab
Ground Site

Deployment of custom instruments on fixed 
and mobile platforms
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The remaining 0.03% represents most 
of the interesting atmospheric chemistry

But … Optical extinction (a) of 
atmospheric trace gases can be very
small

Atmospheric Composition Optical Extinction
a (cm-1) = N (molec cm-3) s (cm2 molec-1)

Abs. cross section range in the atmosphere

s ≈10-21 - 10-17 cm2 molecule-1



And Then There are Particles !
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Activity 
Introduction (10 min) 
Particulate Matter: 
Does anyone know about particulate air pollution? 
͞Particle pollution (also called particulate matter or PM) is the term for a mixture of solid 
particles and liquid droplets found in the air. Some particles, such as dust, dirt, soot, or smoke, 
are large or dark enough to be seen with the naked eye. Others are so small they can only be 
detected  ƵƐing  an  elecƚron  microƐcope͙These particles come in many sizes and shapes and can 
be made up of hƵndredƐ  of  differenƚ  chemicalƐ͘͟  ;http://www.epa.gov/pm/basic.html) 
 
͞Particle pollution includes ͚inhalable  coarƐe  
parƚicleƐ͕͛ with diameters larger than 2.5 
micrometers and smaller than 10 micrometers and 
͚fine  parƚicleƐ͕͛ with diameters that are 2.5 
micromeƚerƐ  and  Ɛmaller͟ 
(http://www.epa.gov/pm/basic.html). 
 
How small is 2.5 micrometers?  
͞Think about a single hair from your head. The 
average human hair is about 70 micrometers in 
diameter ʹ making it 30 times larger than the largest 
fine particle.͟ (http://www.epa.gov/pm/basic.html) 
 
Where do you think PM comes from? 
͞Some particles, known as primary particles are emitted directly from a 
source, such as construction sites, unpaved roads, fields, smokestacks 
or fires. Others form in complicated reactions in the atmosphere of 
chemicals such as sulfur dioxides and nitrogen oxides that are emitted 
from power plants, industries and automobiles. These particles, known 
as secondary particles, make up most of the fine particle pollution in 
the country. EPA regulates inhalable particles (fine and coarse). 
Particles larger than 10 micrometers (sand and large dust) are not 
regulated by EPA.͟  (http://www.epa.gov/pm/basic.html) 
 
 Why is PM pollution bad? 

x Health 
 ͞Particle pollution contains microscopic solids or liquid droplets 
that are so small that they can get deep into the lungs and cause 
ƐerioƵƐ  healƚh  problemƐ͘͟ (http://www.epa.gov/pm/basic.html) 

x Do you think the size of the particles makes a difference?  
x ͞The size of particles is directly linked to their potential for 

causing health problems. Small particles less than 10 
micrometers in diameter pose the greatest problems, because 

Particulate matter with diameter less than 2.5 
microns & 10 microns are regulated pollutants 

Optical extinction range: 10-9 - 10-4 cm-1
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Cavity Enhanced Path Length

Mirror Reflectivity
≥ 5 ppm

Rayleigh Scattering
1.5 - 40 ppm
across visible

Mie Scattering
<1 - 100 ppm
but variable !

Trace gas
absorption
≤ 10 ppm
Variable !

Per Pass
Losses
100 cm
Cavity

• Example @ 662 nm: Reflectivity =  99.999 –
99.9995% (1-R = 5-10 ×10-6) 

• Ring down time constant t > 300 µs
Effective path length Leff > 100 km

• Sensitivity ≤ 10-10 cm-1 Hz-1/2

But … What actually limits this path length in an atmospheric sample ?
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α = Extinction coefficient
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c = Speed of light

Laser PMT
LED

CCD

• Narrowband laser sources
• Shut off IS instantaneously
• Integrate dI/dt
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• Laser or broadband source
• Continuous, Constant IS
• Let dI/dt = 0 (steady state)

Define I0(l), I(l) as cavity with, 
without absorbers 

Absolute measurement of a (l) as 
long as scheme exists for 
determining t0 independently of t

Even if scheme exists to separate I(l), 
I0(l), still must determine 1-R(l)/d and
know aRay - Requires Calibration !

Time Intensity
Cavity Enhanced Spectroscopy Techniques



Considerations for a Field Instrument
• Sampling time

• Precision and detection limit

• Method for determining and acquiring zeros (I0)

• Method for calibration or validation

• Materials for sample handling

• Optical stability and mirror cleanliness

• Engineering requirements: Size, weight, and portability

• Automation and ease of use

Closely related

Field 
instruments 
are about 
more than just 
about the 
optics !



Detection Limit, Precision and 
Time Response

Allan-Werle
Deviation

Precision requirement is a function of the measurement platform 

Aircraft

Cruising speed ≈ 100 m s-1
Spatial resolution @ 1 s = 100 m
1 Hz (or sub 1Hz) time 

resolution required 

Ground Site

Data commonly reported at 1 min 
– 1 hour resolution

Daily / diel profiles often define 
the science

Flux 
Measurement

Dependence of mixing ratio with 
vertical wind

Variability on 10 Hz time scale



Mirror Cleanliness and Optical Stability
The atmosphere is a dirty 

place !
Severe urban air pollution

Wildfires and agricultural burning

High relative humidity 

2939 dx.doi.org/10.1021/es103340u |Environ. Sci. Technol. 2011, 45, 2938–2944
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produced by the reaction of O3 with excess NO.16,17 In the
instrument described here, the sum of converted ambient O3 and
ambient NO2 is measured in one channel to provide a direct
measurement of Ox (NO2 þ O3). Subtraction of the NO2
measured in a second, independent channel provides a direct
measurement of O3 alone. This method is complementary to
existing O3 measurement techniques and offers several advan-
tages. First, as noted above, CRDS is an absolute method and
provides analytical accuracy comparable to direct UV absorption
spectroscopy. The conversion of O3 to NO2 does not compro-
mise the accuracy of themethod because it is simple, quantitative,
and free from interference, as demonstrated below. Second,
CRDS offers sensitivity, precision, and time response that are
significantly better than UV absorbance instruments and ap-
proach that of chemiluminescence instruments. Finally, the
technique has reduced requirements for size, power, weight,
vacuum, and excess reagents compared to chemiluminescence.

The CRDS O3 measurement expands upon an existing
instrumental technique18 for NO2 and NOx, allowing all three
species to be determined simultaneously in a compact instru-
ment with high sensitivity and time response. The advantages
described abovemake this O3 instrument a reasonable alternative
for a wide range of applications, from routine monitoring to
aircraft measurements.

2. EXPERIMENTAL SECTION

2.1. NO2 Detection Using Cavity Ring-down Spectroscopy.
The use of CRDS for NO2 and NOx detection at 404 nm has
been described previously.18 The O3 detection described here
was demonstrated using two CRDS instruments in our labora-
tory. The first instrument was designed for deployment on the
NOAA WP-3D aircraft, and duplicates the Fuchs et al.18 design
to include an additional optical channel for the measurement of
Ox, as shown in Figure 1 and summarized here. Although this

instrument is mounted on an optical bench, rather than a cage
system, there is no fundamental difference in the optical setup or
its operation. All data shown in Figures 2-6 were acquired using
the aircraft instrument. The second instrument is the optical cage
system described in Fuchs et al.,18 which was modified for
measurement of NO2 and Ox, instead of NO2 and NOx. The
cage system has higher precision due to its improved data
acquisition system (∼2 kHz vs 1.2 kHz), and we report precision
measurements acquired with this instrument in the Results and
Discussion.
Light is provided by a continuous wave (cw) diode laser with

temperature-controlled diode (Power Technology Inc., Fabry-
Perot diode model IQμ series) and an optical output of
approximately 80 mW. The laser output is amplitude modulated
with a square-wave signal at a repetition of 2 kHz and a duty cycle
of 50%. An optical isolator, consisting of a polarizer and 1/4 wave
plate, has been added to the instrument to reduce optical
feedback to the laser. Using two beamsplitters and two turning
mirrors, the laser is coupled into three optical cavities without
active matching between the laser and cavity modes. When the
laser is modulated off, the light intensity in the cavity exponen-
tially decreases. The number density of the absorber [NO2] can
be calculated by observing time constants with (τ) and without
(τ0) the absorber present in the cavity, according to

½NO2# ¼
RL

cσNO2

1
τ
-

1
τ0

! "
ð1Þ

where RL is ratio of the total cavity length to the length over
which the absorber is present, c is the speed of light, and σNO2 is
the absorption cross-section. Previous measurements of RL have
shown that it is smaller than the geometric ratio,19 and we have
used a value of 1.15, consistent with prior measurements. Further
information about the principle of CRDS can be found
elsewhere.11,20,21

Figure 1. Schematic of the cavity ring-down spectrometer formeasurement ofO3 by conversion toNO2. The optical components consist of a CWdiode
laser, turning mirrors, beamsplitters, high reflectivity mirrors, lenses, optical fibers, and photomultiplier tubes. Ox, NO2, and NOx are measured in three
channels by chemical conversion to NO2. A blank volume is included in the sampling line of the NO2 channel to match the residence times of the other
two channels.

Purge volumes with flows ~1% of sample flow

Approaches
• Purge volumes

• Operation at reduced P and / or increased T

• Inlet filtration to remove particulates

Washenfelder ES&T 2011

• Isolation

• Many optical cavity based instruments are 
remarkably robust against shock and vibration

• Actually superior to other alignments ... e.g. 
Herriot Cells

Approaches

Measurement platforms 
may be harsh

P-3: Four engine turboprop 
aircraft that flies hurricanes

Research Vessels: e.g. 8 m 
swells in the North Atlantic Photo: J. Gilman



Engineering: Size, Weight, Power, 
Automation

All field measurement platforms, but especially aircraft, 
benefit from reductions in size, weight and power

Power consumption costs twice:
Limitation in power availability 
Dissipation of heat load

CES instruments actually have an inherent benefit in this 
regard due to:

Miniature opto-electronics components
Not just small, but also low power
Reduced requirements for vacuum

Automation:  You don’t always get to fly with your 
instrument!

Example: NASA ER2 & WB57, single pilot, high altitude

NOAA Twin Otter, Inside and 
Outside, 2017



Free Troposphere

Daytime Boundary Layer

Photochemical O3, rapid NOx & VOC oxidation 
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HNO3
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OH

RONO2

PAN

RC(O)O2

0.5 – 2 km

NOx = NO + NO2

Bio
VOCSoil NO

VOC, NOx
SO2, PMDMS

Sea Salt NH3
Fires

O3 consumption, dark NOx oxidation, radical 
reservoirs, stratification

Residual Layer

Free Troposphere

Nocturnal Boundary Layer100 m

O3

NO2

NO

N2O5

NO2

O3

∆
NO3

HNO3

H2O

ClNO2

Cl-

RONO2
VOC

Nighttime Nitrogen Oxides  
= NO3 + N2O5
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VOCSoil NO

VOC, NOx
SO2, PMDMS

Sea Salt NH3
Fires

NOy = Si Ni

Example 1: Nitrogen Oxide and Ozone Cycles



Nitrate Radical (NO3) Atmospheric Spectroscopy
Differential Optical Absorption 

Spectroscopy (DOAS)

~10 km
LampSpectrograph

Platt, U., et al., Geophys. Res. Lett., 1980.
Noxon, J. F., et. al., 1980.

Passive –
e.g., lunar 
light 
source

Active – Xe
Arc Lamp or 
LED on 
long path

Chen et al., Atmos
Chem Phys (2011)



NO3 Cavity Ring-Down Spectroscopy

Fix laser at 662 nm

Diode Laser Detector
Optical Cavity

finite bandwidth

662 nm absorption + NO titration = highly specific NO3 detection
Sensitivity as good at 0.2 pptv @ 1 Hz

Modulate NO3 via: NO3 +  NO  ® 2NO2

Reaction is rapid and specific to NO3

NO3 + NO → 2NO2



Simultaneous Detection of N2O5

• Thermal conversion of N2O5 ® NO3 in a heated inlet

• Measure sum of NO3 and N2O5;  N2O5 = heated -
ambient signal

N2O5 ® NO3 +  NO2
∆

O3

NO2 N2O5NO3

NO2

k Keq

Exploit thermal equilibrium between 
NO3 and N2O5



NO2 Measurement at 
405 nm

• 405 nm very near the O3 minimum @ 385 nm

50 ppbv O3 = 1 pptv NO2

• No significant H2O or O4 (O2-O2) absorption bands

• Glyoxal / Methylglyoxal can present an 
interference

200 pptv Glyoxal ≈ 20 pptv NO2

• IO also potential interference

1 pptv IO ≈ 15 pptv NO2 405 nm

Total gas phase optical extinction @ 
405 nm is a nearly interference-free 

measure of NO2



• 405 nm diode laser modulated at 2 KHz

• R(405 nm) ~99.995, Leff ~ 8.5 km 

NO2 Cavity Ring Down Spectroscopy
Fuchs, Environ. Sci. & Tech. 2009

Allan-Werle deviation
a = 2×10-10 cm-1 Hz-1/2
Precision = 22 pptv / 1 Hz / 2s

5 pptv / 1 minute / 2s
Accuracy = 3%



Conversion of NO and O3 to NO2

NOx = NO + NO2

• NO + O3 ® NO2 + O2

• 18 ppmv O3 (O2 or air + Hg lamp) 
yields > 99% conversion in 0.5 s

• Small (<2%) correction for 
oxidation of NO2 to N2O5, small 
optical extinction due to excess O3

NO2

O3

HNO3

NO

hn

O3

RO2

OH

RONO2

PAN

RC(O)O2

Ox = O3 + NO2

• O3 + NO ® NO2 + O2

• Same rate, different excess reagent

• No extinction from background O3, 
but ... NO2 background (~ 0.2%) 
present in the added NO

Photochemical Nitrogen 
Oxide Cycle

NOx and Ox are conserved 
quantities useful for 

definition of photochemical 
nitrogen and ozone cycles



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.5 After
the heated section, NOy components have been converted to
NO2 (and possibly some NO), which can be transported to the
CRDS 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.19 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.9 A small fraction of the NO2 may also be reduced to NO
by reaction with atomic oxygen in the converter.11 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
CRDS 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., measure τ0 in eq 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 2, is used for the separate NOy inlet.

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
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 3.

Many of these conversions have been previously demonstrated
with heated quartz,7,9−11 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 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.20 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, i-
pentyl, 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 see full conversion to within the
cylinder specifications (±10%). The slower conversion at
higher temperature differs from previously reported temper-
ature profiles for organic nitrates11 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.
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

Figure 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.

Figure 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.

Environmental Science & Technology Article

dx.doi.org/10.1021/es501896w | Environ. Sci. Technol. 2014, 48, 9609−96159611

Conversion of NOy to NO2

1. Convert most NOy ® NO2 in 650 C 
quartz oven

NOy +  ∆(650 °C)  ® NO2

2. Convert NO ® NO2 in excess O3
(same as NOx channel)

NO  +  O3 (excess)  ® NO2

Accuracy = 12 %, based on in-field 
comparison to other NOy instrumentsWild et al., ES&T (2014)

Womack et al., AMT (2017)

NO2

O3

HNO3

NO

hn

O3

RO2

OH

RONO2

PAN

RC(O)O2

NOy = Si Ni



Bill Dubé

405 nm:  Detect NO2 directly
Convert NO, O3 to NO2 via:

NO + O3 ! NO2
Convert NOy to NO2 via:

NOy + heat + O3 ! NO2
NOy = total reactive nitrogen

L.O.D. = 20-50 pptv (2s, 1Hz), 3-12% Accuracy

405 nm diode laser

662 nm diode laser

662 nm:  Detect NO3 directly
Convert N2O5 to NO3 via:

N2O5 + heat ! NO3 + NO2
L.O.D = 0.2 - 3 pptv, 10-20% Accuracy

6-Channel Nitrogen Oxide Cavity Ring-Down Spectrometer

High precision, fast response NO, NO2, NOy, O3, NO3, N2O5 with single calibration standard

NO3, N2O5

NO, NO2, NOy, O3



Wintertime INvestigation of Transport, 
Emissions and Reactivity (WINTER)

NSF / NCAR C-130 Aircraft February 1 – March 15, 2015, United States East Coast

NASA 
Langley

N2O5 NO3, N2O5, NO, NO2, O3
and NOy in urban outflow 
from the U.S. East coast 
during winter

Data used to constrain 
(among other results) the 
rates and mechanism for 
N2O5 uptake



Four Cavity Ring Down Spectroscopy (CRDS) channels:
662 nm: NO3, N2O5 45 x 50 x 59 cm3, 55 kg
405 nm: NO2, O3

Scientific goals:
• In-situ NO3, N2O5 in the UT / LS with global coverage
• Fast response CRDS NO2, O3 on CARIBIC

CARIBIC Autonomous Ring-Down Instrument 
for Nitrogen Oxides (CARDINO)

1

448 x 500 x 590 mm3, 55 kg, 280 W

CARIBIC Weekly Group Meeting - 11th October 2016

Marc Goulette

Andy Ruth

University 
College Cork, 
Ireland

Andreas Zahn

Karlsruhe Institute 
of Technology, 
Germany



Example 2: UV & Visible 
Atmospheric Trace Gases

• Single wavelength CRDS @ 405 nm shown to 
be specific to NO2 for urban impacted 
environments

• Broadband light sources + optical cavities 
(broadband CES) useful for other trace gases

• NO2, Glyoxal, Methylglyoxal
LED @ 455 nm (438 – 468 nm) 

• NO2, HONO
LED @ 365 nm (360 – 390 nm) 

Min et al., AMT 2016

• Future: IO, BrO, SO2

• CH2O, broadband aerosol extinction using 
laser driven light source

Washenfelder AMT 2013, 2016
Womack ACP 2021

Aerosol Ext.

405 nm



The Airborne Cavity Enhanced Spectrometer (ACES)

Kyung-Eun Min, Kyle Zarzana, 
Rebecca Washenfelder, Carrie 

Womack

NOAA P-3 
Orion

NASA DC-8



C

O

H
H

C

O
Glyoxal Production

45 Tg y-1

Ambient Levels
50 – 1000 pptv

Glyoxal 
(CHOCHO)

Wittrock et al., GRL (2006)

Global source: Isoprene oxidation, fires
Regional / Urban source: Aromatic, acetylene oxidation
Oligomerization thought to be an important route to organic aerosol

CHOCHO

Nitrous Acid (HONO)

NO2 HONO

H2O

Surface

OH

NO
+

Important source of photochemical radicals in polluted environments

HONO

Both of these 
species are 
emitted in 
large quantities 
by fires



432 K.-E. Min et al.: Aircraft broadband cavity enhanced absorption spectrometer

Figure 6. An example of spectral fit for one Ch 368 spectrum (10 s average) measured over an agricultural burning plume on the 3 July 2013
nighttime flight during SENEX 2013. Retrievals of NO2, HONO, and O4 are shown, as well as the third-order polynomial, total fit, and
residual.

Figure 7. An example of spectral fit for one Ch 455 (10 s average) measured over an agricultural burning plume on the 3 July 2013 nighttime
flight during SENEX 2013. Retrievals of NO2, CHOCHO, CH3COCHO, H2O, and O4 are shown, as well as the third-order polynomial,
total fit, and residual. Blue and pink traces are plotted against the left axis, while the expanded green and yellow traces are plotted against the
right axis.

Figure 9 shows spectral retrievals of NO2, CHOCHO, and
HONO concentrations fit to zero air spectra acquired during
ground measurements in the CARE Beijing-NCP 2014 study.
The acquisition time for these data is 0.478 s per point with
an 84% data cycle.
The instrumental precision (2� ) for each trace absorber

is estimated from two different methods: (1) standard devi-
ation from dry zero air retrievals and (2) fit errors derived
from the DOASIS retrieval (Platt and Stutz, 2008). For both
methods, the data sets for the Allan deviation analysis and
regular zero air measurements during the field mission (30 s
injection at 5min intervals) were used, as described above.
The estimated precision (2� ) for each retrieved trace gas is
summarized in Table 3. Precisions are adequate for ambient

measurement of CHOCHO, HONO, and NO2, although the
current precision for HONO is insufficient to quantify the
small ambient mixing ratios reported during daytime or in
low NOx (NO+NO2) environments (e.g., Ren et al., 2010).
The accuracy of the retrieved trace gas concentrations de-

pends on the uncertainty of the literature reference cross sec-
tions, Rayleigh scattering cross sections, pressure, tempera-
ture, and inlet losses. The uncertainties in absorption cross
sections are 4% for NO2 (Vandaele et al., 2002), 5% for
CHOCHO (Volkamer et al., 2005b), 15% for CH3COCHO
(Staffelbach et al., 1995), 8.7% for HONO (Stutz et al.,
2000), 4% for H2O (Harder and Brault, 1997), and 10%
for O4 (Greenblatt et al., 1990). The estimated uncertainty
for the Rayleigh scattering cross sections of zero air is 2%

Atmos. Meas. Tech., 9, 423–440, 2016 www.atmos-meas-tech.net/9/423/2016/

Spectral Fitting

2013: Differential Optical Absorption Spectroscopy Intelligent Systems (DOASIS) 

2022: Custom fitting software written in Igor Pro by from Carrie Womack, to be released publicly 



Airborne CHOCHO, NO2, HONO
FIREX-AQ 2019

NASA DC-8

Carrie 
Womack



Example 3: Aerosol Extinction

For amin ≤ 10-10 cm-1, detect single particles with d ≥ 0.3 µm

Statistically noisy signal that interferes with trace gas 
absorption

Example 
Aerosol 

Distributions

Gas phase 
instruments 
typically use filters 
to eliminate 
influence of 
aerosol extinction

Automated filter changer for autonomous operation
Dubé et al., Rev. Sci. Instr. 2006

Aerosols are a 
significant 
contribution to 
global radiative 
forcing due in part 
to their extinction

Highly uncertain 
effect

IPCC 2021

Greenhouse 
gases Aerosols



NOAA Aircraft Aerosol Optical Properties (AOP) Instrument

Langridge et al., Aerosol Sci. Tech. 2011

3 humidified channels
1 denuded channel to 
remove volatile species

NO2 and O3 (which 
absorb at 405 and 532 
nm) are removed using 
activated charcoal

Sensitivity: 0.1 Mm-1 = 10-9 cm-1 in 1 second
Method for acquiring zeros: Filtration of air sample
Method for validation: Comparison with scattering instrument
Materials: Metal cells with conductive tubing
Engineering: ~1.2 m x 0.05 x 0.05 m; 90 kg;

Fully automated

3 wavelength aerosol extinction (CRDS) and absorption (PAS) @ 405, 532 and 660 nm

AOP in aircraft rack

8 CRDS AOP channels

CRDS

PAS

Aerosol extinction is 
a strong function of 
both wavelength and 
relative humidity due 
to particle growth 

PI: Dan Murphy, Cloud & 
Aerosol Processes Group



R. A. Washenfelder et al.: Aerosol extinction in the UV spectral region 863
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Figure 1.    
  

BBCES (385 – 420 nm) 

Cavity Ring-Down (407 nm) 

BBCES (360 – 390 nm) 

CW Diode Laser 
407-nm 

Optical 
isolator 

7.7 mm inner diameter, 93 cm long cavity  
99.994% reflective at 407 nm 

Turning 
mirrors 

 

To CPC 
Grating spectrometer 

with CCD detector 

Heat sink 
and TEC 

 

LED 

F/1.2 
lens 

 

F/3.1 
lens 

 
Bandpass 

filter 
 Optical fiber 

 

Optical fiber 
 PMT 

Bandpass 
filter 

 

22.1 mm inner diameter, 100 cm long cavity  
99.994% reflective at 405 nm 

22.1 mm inner diameter, 100 cm long cavity  
99.97% reflective at 365 nm 

He, N2, or 
aerosol flow 

Purge flows 

A 

 

 

Exhaust 

He and N2 
added for calibration 

BBCES 385 – 425 nm BBCES 355 – 390 nm 
 

He 
Cylinder 

N2 
Cylinder 

Critical orifices for 
mirror purge flows 

CRDS 407 nm 

Atomizer 

Dryer 

DMA 

B 

MFC 

Size-selected 
aerosol 

CPC 
1.35 vlpm 

Fig. 1. (a) Schematic of the broadband cavity enhanced spectrometer, with channels for 360–390 and 385–420 nm. Each BBCES channel
consists of a temperature-controlled LED and optical cavity, with a shared grating spectrometer. Details of the 407 nm CRDS are given in
Fuchs et al. (2009). (b) Block diagram showing aerosol generation and gas delivery. Aerosols are generated with an atomizer, and subse-
quently dried and size-selected using a differential mobility analyzer (DMA). The aerosol concentration is measured using a condensation
particle counter (CPC).

The first BBCES channel covers the spectral region from
360–390 nm, using an LED with manufacturer-specified cen-
ter wavelength between 360–370 nm (NCSU033A, Nichia
Corp., Tokyo, Japan). The experimentally measured center
wavelength and optical power output at 0.5A and 20.0 �C
are 370.2 nm and 0.210W, respectively. The second BBCES
channel covers the spectral region from 385–425 nm, using
an LED with manufacturer-specified center wavelength be-
tween 390–410 nm (LZ1-00UA05, LEDEngin Inc., San Jose,
CA, USA). The experimentally measured center wavelength
and optical power output at 0.7A and 20.0 �C are 407.1 nm
and 0.450W, respectively. To maintain a constant optical
power output, the temperature of each LED is controlled
at 20.0 (±0.3) �C and powered by a constant-current power
supply.

Each LED is mounted in a fixed position, and collimated
with a single F/1.2 fused silica lens mounted on a three-axis
translation stage. The collimated light is passively coupled
into a cavity consisting of two 2.5 cm, 1m radius of curva-
ture mirrors (Advanced Thin Films, Boulder, CO, USA). The
manufacturer’s reported transmission for the two sets of mir-
rors is 82 ppm at the nominal center wavelength of 362 nm
and 35 ppm at the nominal center wavelength of 405 nm. Af-
ter exiting the cavity, the light is optically filtered (XB05,
Omega Optical Inc, Brattleboro, VT, USA; FB400-40, Thor-
labs, Newton, NJ, USA) to block stray light and out-of-band
light from the LEDs. The filtered light is imaged by a 2.5 cm
F/3.1 lens onto a 0.5 cm F/2 lens that couples the light into
a fiber bundle (BFB-455-7, Princeton Instruments, Trenton,
NJ, USA) containing seven 200 µm diameter UV-VIS fibers

www.atmos-meas-tech.net/6/861/2013/ Atmos. Meas. Tech., 6, 861–877, 2013

Broadband Cavity Enhanced Aerosol Spectrometer

LED light sources, grating spectrometer CCD, two broadband and one single wavelength channel

Washenfelder et al., Atmos. Chem. Phys, 2013
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Figure 1  465 
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Figure 2  467 

Aerosol Extinction, Relative Humidity & Composition
Relative humidity dependence of extinction F(RH) depends on aerosol organic content, FOA = OA Mass

Total Mass

Talladega National 
Forest, AL

June 1 – July 15 2013

 468 

Figure 3  469 1990 – 2018 emissions reductions in aerosol precursors: SO2 90%, NOx 60%
Reduction in both aerosol mass and F(RH) leads to strong trends in extinction

Attwood et al., Geophys. 
Res. Lett. 2014



Example 4: Fire Research and Instrument Comparisons
NASA DC-8: Western wildfires and 
eastern agricultural fires, focus on 
emissions and photochemistry

NOAA Twin Otter: 
Western wildfires, 
emissions, 
photochemistry and 
nighttime chemistry

16 flight 
days

39 
research 
flights

10 fires or 
complexes

Western Wildfires
Jul 22 – Aug 17, 2019

14 flights, 14 fire complexes

Aug 3 – Sep 6
2019

Eastern Ag Fires
Aug 19 – Sep 5, 2019

8 research flights

Carbon Monoxide (CO) from commercial ICOS (LGR, NASA DC-8) and 
CRDS (Picarro, NOAA Twin Otter) Instruments



DC-8 Aircraft Instruments
Chemiluminescence (CL)

Measure NO directly

NO2, NOy, O3 via inlet 
conversions (e.g., NO2 + 
hn → NO @390 nm LED)

Laser Induced 
Fluorescence (LIF)

NOAA NO LIF 
instrument shown

Not shown: NO2 LIF 
instrument (NASA)

Chemical Ionization 
Mass Spectrometer 

(CIMS)

>300 masses with high 
sensitivity

Calibration challenging !  
Few masses quantified

Airborne Cavity 
Enhanced 

Spectrometer (ACES)

455 nm: NO2, 
CHOCHO, CH3CHO

365 nm: HONO (NO2)



Instrument Comparisons to Broadband CES 

NO2

HONO

Redundancy in 
measurements essential to 
assess accuracy

NO2: Chemiluminescence 
(CL) with photolytic 
conversion of NO2 → NO 
has been a standard

• Both CES (direct, 
absolute) and LIF 
(direct, calibrated) are 
lower but agree with 
each other

HONO: CIMS is high 
precision but CES more 
accurate

Two passes of a large wildfire plume, Williams Flats, August 2019

ToF CIMS = Time of Flight Chemical Ionization Mass Spectrometry; LIF = Laser Induced Fluorescence

Bourgeois et al., Atmos. Chem. Phys. Discuss (2022)



Instrument 
Comparisons

to ACES 
1 Hz data, linear scale, 
all flights

N = 226,000 – 310,000 !

1 Hz data, log scale, 
categorized by wildfires, 
agricultural fires, and 
urban flights

Integrals for transects of 
wildfire plumes

NO2: ACES vs CL NO2: ACES vs LIF HONO: ACES 
vs CIMS

10% 0-3% 34-80%

Bourgeois et al., Atmos. Meas. 
Tech. Discuss. 2022



CIMS HONO Calibration

Robinson et al., Atmos. Meas. Tech. Discuss. 2022

Recent work from our group shows the 
variability in sensitivity of CIMS 
instruments – factor of 4 over 25 C T 
range

Flight to flight differences in HONO 
calibrations and overall difference 
between CES and CIMS attributable to 
T dependent calibration 

ACES (600 pptv) is a lower
precision instrument than CIMS (2 

pptv) but in this case a more 
accurate one



2023

DC-8 Instrument Layout

CES instruments from this talk: ACES, NO3 & 
NO2 CRDS, Aerosol Optical Properties, 

Commercial CO and Greenhouse Gases



CES for Field Measurements and Aircraft Research

Cavity Enhanced Spectroscopy Summer School, Lecco Italy, June 2022

Advantages
• Absolute analytical method
• Compact, low power designs
• Robust in harsh environments

Disadvantages
• Low sensitivity relative to 

fluorescence, mass spectrometry

Applications
• Trace gas measurements relevant to 

air quality and climate
• Aerosol extinction – visibility and 

climate
• Standard for greenhouse gases


