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a b s t r a c t

Aromatic hydrocarbons are well known air toxics which are regulated by the US EPA and other air quality
agencies. Accurate, long-term monitoring of these compounds at low part-per-billion levels, as well as
identifying emission point sources is therefore crucial to protect human health in neighborhoods near
large emission sources. Here we present a new long-path differential optical absorption spectroscopy
(LP-DOAS) instrument specifically designed to monitor aromatic hydrocarbons. The system is based on a
novel dual - light emitting diode (LED) light source, which eliminates the requirement to suppress
spectrometer stray light. This light source, together with a high stability fiber-based sending/receiving
telescope, allows the measurement of aromatic hydrocarbons on once-folded absorptions paths of 200
e1200 m length. The new instrument shows very good agreement with simultaneous in-situ mea-
surements if inhomogeneities of the trace gas spatial distributions are considered. The new instrument
performed well during a three-month field test as an automated fence-line monitor at a refinery, suc-
cessfully distinguishing upwind background levels of ~1 ppb from emissions reflected in elevated mixing
ratios of 3e4 ppb. A two-dimensional measurement network based on two identical LP-DOAS in-
struments operating on seven crossed light paths was operated successfully in Houston, TX. Qualitative
and quantitative analysis of two events with toluene and xylene plumes demonstrate how this setup can
be used to derive the spatial distribution of aromatic hydrocarbons, and identify point sources.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Long Path Differential Optical Absorption Spectroscopy (LP-
DOAS) is a powerful method for identifying and quantifying
rict, Diamond Bar, CA, USA.
pollutants in the UV/visible spectral region using their unique
narrow-band absorption features (Platt and Stutz, 2008). LP-DOAS
has been a staple of atmospheric chemistry research for several
decades, but its implementation for air quality monitoring has been
slow, and only moderately successful. The most common use of LP-
DOAS has been the monitoring of pollutants such as O3, SO2, and
NO2, as well as research of the chemistry of HCHO, HONO, NO3,
halogen oxides, glyoxal, and other short-lived reactive species
(Platt and Stutz, 2008).
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Another class of compounds that can be measured by LP-DOAS
is aromatic hydrocarbons, such as benzene, toluene, xylenes
(BTX), etc. (Axelsson et al., 1995; Barrefors, 1996; Skov, 2001; Trost
et al., 1997; Volkamer et al., 1998; Wideqvist et al., 2003). Aromatic
hydrocarbons are known for their various detrimental health ef-
fects (Snyder et al., 1993; Weisel, 2010). Benzene is a known
carcinogen for which the US EPA and WHO do not define a safe
lower limit of exposure (http://www.epa.gov/airtoxics/hlthef/
benzene.html, http://www.who.int/ipcs/assessment/public_
health/benzene/en/), while the evidence for carcinogenicity is
inconclusive for toluene and xylenes (http://www.epa.gov/
airtoxics/hlthef/toluene.html, http://www.epa.gov/airtoxics/
hlthef/xylenes.html). Aromatics also contribute to the formation
of secondary pollutants such as ozone and particles in urban areas
(Finlayson-Pitts and Pitts, 1999). Sources of aromatics include ve-
hicles, solvent use, and the petrochemical industry. The latter has
received considerable attention due to high BTX levels in neigh-
borhoods adjacent to petrochemical facilities, and recent accidents
leading to enhanced releases of these compounds. The US EPA
recently adopted a rule on “Petroleum Refinery Sector Risk and
Technology Review and New Source Performance Standards”
(http://www.epa.gov/airtoxics/petref.html), which, for the first
time, defines a requirement for refineries to monitor fence-line
benzene concentrations, and establishes a 2-week averaged ben-
zene concentration action level of ~3 ppb. Consequently, there has
been a push to better monitor the release of BTX from petro-
chemical facilities on long time scales. In addition, there is a need
for a rapid alarm system to warn neighbors of accidental releases.

LP-DOAS offers a unique opportunity to address these current
needs, and it is thus somewhat surprising that it has not found
more widespread use as a fence-line and neighborhood-scale
monitor for aromatic hydrocarbons. This may be, in part, due to
the lack of reliable, easy-to-use LP-DOAS instruments to measure
aromatics, as well as a number of difficulties in the application of
LP-DOAS for these observations. DOAS is awell-establishedmethod
to measure path-integrated trace gas absorptions and concentra-
tions in the open atmosphere (Platt and Stutz, 2008). The basis of
DOAS is the identification and quantification of narrow-band ab-
sorptions in the UVevis wavelength range along an open absorp-
tion path in the atmosphere using the Beer-Lambert law and well-
known trace gas absorption cross sections. Themeasurement in the
open atmosphere, together with the fact that the absorption cross
sections are intrinsic physical properties, makes DOAS an absolute
analytical technique that does not require calibration. LP-DOAS
instruments typically consist of a light source, a telescope and
reflector (monostatic setup) or sending and receiving telescopes
(bistatic setup) that define the atmospheric absorption paths, and a
spectrometer/detector combination to record the absorption
spectra.

Despite the advantages of LP-DOAS and its potential to serve as
long-termmonitors for BTX, it has not found widespread use either
in commercial or research applications. A few commercial in-
struments are currently available (for example from OPSIS Inc.),
which have also been used for research applications. Research
grade instruments are even more sparse. These systems are all
based on general purpose LP-DOAS instruments and use Xe arc
lamps, which emit light in a broad spectrum from the UV to the
near IR, as light sources. Both monostatic and bistatic telescope
setups have been used. However, most research grade instruments
have been based on a combination of a coaxial Newtonian sending
and receiving telescope on one end of the light path, and an array of
corner cube retroreflectors on the other end.

The use of Xe-arc lamps brings with it a number of challenges.
The absorption of BTX occurs in a spectral interval between 250 and
290 nm. A Xe-arc lamp only emits ~1.5% of its power below the
typical detector cut-off of ~1000 nm in this range. This value is
further reduced, often well below 1%, when light is transmitted
over long paths in the atmosphere, as oxygen and ozone absorption
and Rayleigh scattering further reduce the intensity in the BTX
wavelength range relative to higher wavelengths. Incomplete
suppression of light outside the BTX range leads to stray-light in the
spectrometer (Platt and Stutz, 2008), which can severely impact the
performance of an LP-DOAS. Little quantitative information on
straylight levels in the BTX range are available, but previous un-
published experiments found straylight levels that can reach 10% or
higher. It should be noted that this problem becomes more severe
with increasing absorption path-length, and often determines the
longest path-length that can be achieved. Some studies have used
additional filters to address this problem (Lee et al., 2005; Platt and
Stutz, 2008; Trost et al., 1997; Volkamer et al., 1998), but in many
cases, and in particular with some of the commercial systems, it is
unclear how this effect impacts performance. As we will describe
below, one solution for this problem is the use of newly available
deep-UV light emitting diodes (LED), which emit light only in the
desired wavelength range. LED's have other advantages compared
to Xe-arc lamps, such as a long lifetime and low power
consumption.

A second major challenge in using LP-DOAS to measure BTX is
the presence of strong, and often saturated, overlapping absorp-
tions of oxygen and oxygen collisional complexes. The accurate
description of these structures is crucial for a successful DOAS
analysis (Peng et al., 2008; Volkamer et al., 1998). Commercial
systems, and sometimes also research grade instruments, thus use
an atmospheric reference spectrum, measured on the same light
path during times of low BTX levels. The obvious challenge here is
the identification of such times, and in reality the BTX measure-
ments can only be considered relative to this reference spectrum.
This approach is also unsuitable to correct for the oxygen concen-
tration changes due to atmospheric temperature and pressure
variations. Because the shape of the oxygen absorption structures
strongly depends on the pathlength, every light path would also
require its own reference spectrum, potentially leading to con-
centration biases among different light paths.

The use of new technology, such as LEDs, could also aid in
improving and expanding the practical capabilities of LP-DOAS BTX
systems. LED's have much better long-term stabilities than Xe-arc
lamps, and it should thus be possible to design stable in-
struments that canmake unattendedmeasurements over long time
periods, months to years, thus reducing the operational cost of
fenceline measurements. Previous instruments also did not explore
the capability to measure on more than one light path, thus
covering an extended area with observations, or, as discussed
below, use two instruments to allow 2D concentration field
retrievals.

The performance of currently available LP-DOAS instruments is
also not well understood. Comparison of commercial LP-DOAS in-
struments to other observational methods have shown them to be
inconsistent (Barrefors, 1996; Kim, 2004; Villanueva et al., 2012;
Xie et al., 2004). The comparison with research grade instruments
is generally better (Jobson et al., 2010; Kim and Kim, 2001; Peng
et al., 2008), with some differences commonly attributed to
spatial differences between the in-situ techniques and the LP-DOAS
setup.

To address the challenges and opportunities with LP-DOAS in-
struments to measure aromatic hydrocarbons, we have developed
the next generation of instruments that overcome some of the
problems listed above. Here we describe the new LP-DOAS system
and the analysis method to retrieve path-averaged mixing ratios.
Data fromdeployments as a fence-linemonitor and as a novel setup
with two LP-DOAS instruments operating on multiple crossed
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lights path in Houston, TX, will be presented. In addition, the new
LP-DOAS was compared to in-situ measurements during the Ben-
zene and other Toxics Exposure (BEE-TEX) field experiment in
Houston, TX in Winter 2015. This comparison gives insight into its
performance on single and multiple light paths. We will briefly
present the results of the retrieval of 2D mixing ratio distributions
from the LP-DOAS observation. A more detailed discussion on the
retrieval methodology and a discussion of these results is presented
in the companion paper by Olaguer et al.
2. Instrument description

Our new LP-DOAS BTX instrument is a monostatic setup, i.e. a
combined sending/receiving telescope and a retroreflector array
(Fig. 1, S1 and Table 1). The main part of the instrument consists of a
new deep-UV LED based light source, a spectrometer-detector
combination, a coaxial sending/receiving telescope, and a bifur-
cated quartz fiber bundle (Fig. 1). These components will be
described in the following section, and are also summarized in
Table 1.
2.1. LED light source

Motivated by the desire to eliminate spectrometer straylight
fromwavelengths above 290 nm,which is common for previous LP-
DOAS BTX instruments that use Xe-arc lamps, and to develop a
more stable and long-lived light source, we used novel UV Light
Emitting Diodes (LEDs) as our light sources in the 250e290 nm
region. These LEDs are commercially available at center wave-
lengths at 10 nm intervals with 10e15 nm wide emission intervals
(Sensor Technology Inc., UCTOP Deep UV LED with ball lens). In
comparison to classic Xe-Arc lamps, the LED's have several ad-
vantages. Their lifetime is in the range of 3000e10000 h (exact
information on our LEDs is not available. The lower limit is based on
our direct observations), and is thus longer than that the typical Xe-
arc lamp lifetime of 200e2000 h (Platt and Stutz, 2008). Their
power consumption is 0.5e1 W, much smaller than other light
sources, The optical output varies from LED to LED but is generally
in the range of 3 mW/nm for a 250 nm LED and 8 mW/nm for a
265 nm LED. Assuming an f/4 optical setup, this is comparable to
that of a typical 150 W Xe lamp (Platt and Stutz, 2008).

Initial laboratory tests (not shown here) showed that the LEDs
had excellent temporal stability and fairly smooth emission spectra,
in contrast to the observations by Sihler et al. (2009) who found
Fig. 1. Sketch of the new UCLA Mini LP DOAS instrumental setup. The insert shows the end
source, and receiving fiber to the spectrometer.
substantial spectral structures in their UV LED, and were thus
suitable for the use in LP-DOAS instruments. However, the small
wavelength emission interval of the LEDs limits the LP-DOAS
measurement to a subset of aromatic hydrocarbons. It is therefore
necessary to use at least two LED's with different peak wavelengths
to measure all BTX compounds. To avoid the complexity of a me-
chanical system to switch LEDs and to allow for simultaneous
measurement of all BTX compounds, we developed an optical fiber
setup that combines LEDs for two different wavelength intervals to
expand the useable wavelength range. Combining the output of
two LEDs has to be done with care, as relative variation of the
combined signals, due to drift and noise in the LED power supply,
aging of the LEDs and optical components, and variations of LED
output with temperature, could introduce unwanted differential
structures in the atmospheric absorption spectra, and thus interfere
with the DOAS analysis. In addition, problems may arise if the
outputs of the two LEDs are imperfectly aligned with each other, or
if they have an uneven distribution of the LED output over the open
aperture of the light beam. This may lead to slightly different light
paths through the atmosphere for each LED output, due to turbu-
lence or other atmospheric effects, which may cause temporal
variations of the relative intensities of the two LEDs, and thus also
change the shape of the observed combined spectrum.

The fiber-based optical combiner/mixer described here gives a
uniform light beam of the two combined LED outputs, which pro-
vides a uniform dual LED light source that is temporally stable and
easy to use. First, each LED is carefully aligned with the input of a
660 mm diameter quartz fiber bundle, consisting of seven 200 mm
quartz fibers (Fig. 1). The diameter of this bundle end was chosen to
allow collection of a significant amount of the LED light at the focus
of the LED lens, which wemeasured to be approximately 0.8e1mm
in diameter. Each bundle end was placed in an x-y optical align-
mentmount and its positionwas optimized formaximum intensity.
It should be noted that the LEDs were deliveredwith a ball lens that
projects a focus of the emitted light at ~15 mm distance. This setup
is thus quite small and compact. The fibers from the two 660 mm
bundles were combined into one ~1 mm diameter bundle (Fig. 1).
This bundle endwas then connected to a single 1mm diameter, 1 m
long, fiber that ensured that the outputs of the two LEDs were
mixed. The 1 mm diameter fiber end was used as the light source in
the LP-DOAS system. The spectral structure of this setup (Fig. 2)
shows that a useable wavelength rage from ~252 to 280 nm can be
achieved by combining 260 nm and 270 nm LEDs. This range in-
cludes all the absorptions of BTX and other aromatic hydrocarbons
s of the bifurcated fiber e common end to the telescope, the fiber bundle to the light



Table 1
Details of the setup of the new LP-DOAS system.

Sending/receiving
telescope

Homebuilt telescope based on 120 cm focal length, 12 inch diameter spherical main mirror with aluminum coating. Rotation capability in
azimuth and elevation using two high accuracy rotational stages (Newark systems RT-5 rotational stages with Arcus Inc. USB integrated
stepper motor). Automated short-cut system to measure LED emission spectrum using stepper motor controlled by Arcus Inc. PMX-2ED controller.

Optical fibers A combination of three silica-silica fibers connects light source, telescope and spectrometer:
� Bifurcated fiber bundle with total 2 � 7 ¼ 14 200 mm ∅ fibers, length 2.5 m
� Single ∅ ¼ 1 mm, length 1 m
� Bifurcated fiber bundle with total 1 þ 6 ¼ 7300 mm ∅ fibers, length 5 m

Spectrometer Acton 300 grating spectrometer, using 1800 g/mm holographic grating covering 50 nm range, with spectral resolution of ~0.3 nm.
Thermally stabilized to 35 �C

Detector Princeton Instrument, PIXIS 256 CCD detector, with E2V UV-enhanced back-thinned 1024 � 256 CCD.
Light source Combination of 255 nm and 265 nm UV LED with ball lens (see text for details) powered by Mightex high precision LED driver.
Reflector Solid quartz corner cube reflector array. Diameter of individual reflectors 57 mm. Number of reflectors varies from 10 to 25 depending

on path length
Alignment aids - Fully automated alignment capability, using UV LED intensity and detector.

- Camera to aid in alignment of telescope and to remotely check visibility
Computer/software Industrial personal computer running DOASIS (Univ. Heidelberg).

Fig. 2. Emission spectrum of the dual LED setup during the field experiment in
Houston, TX, (black line). The red and blue line show the emission spectra of the in-
dividual LED's. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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(Fig. S2). The transmissivity of the setup is predominantly deter-
mined by the geometric loss of combining fibers with different
geometries, with a smaller contribution of the transmissivity of the
fiber ends. Overall, the transmissivity from one LED to the output of
the 1 mm fiber is ~7%. It is difficult to compare this loss with other
possible setups, as the optical combination of the two LED's would
require a more complex optical setup, including beam splitters and
various lenses/mirrors, to achieve a similar level of optical mixing
between the two LEDs.
2.2. Telescope

The new LP-DOAS telescope is based on a design described by
(Merten et al., 2011), which uses a fiber bundle instead of the
secondary mirrors in a coaxial Newtonian sending/receiving tele-
scope. The fiber bundle consists of a 300 mm diameter fiber sur-
rounded by six 300 mm diameter fibers. The six fibers are used to
transfer the light from the LEDs to the telescope, while the single
fiber is used to receive the light that is returned from the retrore-
flectors. This design has several advantages over a classical New-
tonian coaxial arrangement (Merten et al., 2011). The optical setup
is much simpler, thus allowing a higher throughput than in classical
Newtonian telescopes, in particular in the UV where high mirror
reflectivities are difficult to achieve at a reasonable cost. The
simplicity of the setup also improves the stability of the telescope
and its internal alignment. The telescope was pre-aligned for a
collimated outgoing light beam in the laboratory. The fiber position
was then adjusted in the field for optimal light return, typically by
moving it 1e2 mm out of focus. In the case of multiple light paths,
this alignment was made on the longest light path.

The telescope is mounted on a gimbal comprising two
computer-controlled rotational stages, which allows rotation of the
telescope by ~20� in elevation and 270� in the azimuth. This
capability serves two purposes. First, atmospheric refraction
changes the alignment of an LP-DOAS setup throughout the day,
which is compensated by an active control of the telescope aim.
Second, the rotational stages allow sequential aiming at different
retroreflectors. Consequently, one LP-DOAS system can measure on
several light paths, a property which is required for vertical
profiling and 2D concentrationmapping. A third stepper motor was
used to rotate a reflective diffuser (220 Grit glass substrate coated
with UV-enhanced aluminum) in front of the bifurcated fiber in the
telescope to regularly measure the emission spectrum of the two
LEDs. We will refer to these measurements as LED spectra in the
remainder of the manuscript.

The telescope was designed for outdoor deployment, i.e. it is
equipped with a cover to protect the main mirror and motors from
rain and snow, and for complete remote control through addition of
a CCD camera with telescopic lens, which serves as an “aiming
scope”. This scope is calibrated carefully at the beginning of each
deployment because, in contrast to LP-DOAS applications with a
visible light beam, the reflection from the retroreflectors cannot be
seen in our system.
2.3. Spectrometer-detector/electronics

A commercial spectrometer-detector system is used in the new
LP-DOAS system. The spectrometer is a 300mm focal length Czerny
Turner instrument (Acton 2300) with a spectral resolution of
0.35 nm. To ensure long-term stability the spectrometer is ther-
mally stabilized through heaters and a high accuracy temperature
controller. It should be noted that high thermal stability has been
found to be crucial for the performance of DOAS instruments (Platt
and Stutz, 2008). The detector (Princeton Instrument PIXIS) is
based on a 1024� 256 pixel back-thinned CCD detector, which was
cooled to �70 �C. Because the LED light source only emits light in
the wavelength range in which aromatic hydrocarbons absorb,
spectrometer stray light from other wavelengths is absent in our
setup and no further measures have to be taken to reduce spec-
trometer stray light. It should be noted that the usual methods to
determine spectrometer stray light, i.e. emitting light outside the
observed wavelength range, does not apply here. We thus estimate
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the spectrometer stray light based on previous experiencewith this
type of spectrometers to be below 1% (Stutz and Platt, 1997).

The instrument is controlled by an industrial PC running the
DOASIS software package (University of Heidelberg). The software
is set up for fully automated operation on multiple user-selectable
reflector locations. DOASIS controls the camera exposure, telescope
alignment, and data storage on a local hard drive as well as on a
cloud storage service. The measurement routine is specifically set
up to the respective field deployment. For example, for a fenceline
monitoring application atmospheric measurements are performed
every minute, the telescope is re-aimed every 3 h to optimize the
return intensity, and the spectrum of the LED ismeasured every 6 h.
For the 2D application, the telescope is rotated onto a reflector,
followed by an intensity optimization. A measurement is then
performed for a total of 5 min, before aiming at another reflector.
This sequence is only interrupted for measurements of the LED
every 6 h. For all measurements the integration times are selected
so that the detector saturation is around 50% and single observa-
tions are co-added for the desired measurement time.

3. Data analysis

The LP-DOAS instrument measures absorption spectra in the
open atmosphere along an extended light path. To derive the path-
averaged concentrations, a spectral retrieval that separates and
quantifies the various overlying absorption structures using a linear
combination of absorption cross sections reduced to the instrument
resolution and a least squares fit is typically used. This approach,
which has been successful in LP-DOAS observations of pollutants
and other trace gases, has to be adjusted when working in the
250e290 nm range, due to the strong and highly structured mo-
lecular oxygen absorptions. In addition, the presence of O2$O2 and
O2$N2 absorptions has posed a challenge in the past, as absorption
cross sections for these collisional complexes have only recently
become available (Fally et al., 2000). The most common way to
perform an aromatics analysis of LP-DOAS observations is to use an
atmospheric reference spectrum, i.e. a spectrummeasured over the
same light path at a time of low aromatic hydrocarbon concentra-
tions. This analysis approach yields concentrations relative to the
trace gas absorptions in the reference spectrum, which is prob-
lematic in areas where high background BTX levels are present, or
when it is difficult to find a time period with low concentrations.
Because our instrument is deployed in urban areas near petro-
chemical facilities, the atmospheric reference spectrum approach is
thus not suitable. We have therefore pursued a strategy which re-
lies on a purely mathematical retrieval of absorptions in a single
atmospheric spectrum, which yields absolute BTX concentrations.

In typical LP-DOAS application, trace gas reference spectra are
calculated by a convolution of a high-resolution absorption cross
section with the instrument function using a smooth, or even
constant, light source intensity spectrum I0(l) (Platt and Stutz,
2008). The instrument function is typically determined by
measuring an atomic emission line, in our case from a mercury
discharge lamp. The presence of the oxygen absorption structures
(Fig. S1) in the 250e290 nm wavelength range, however, requires
special consideration for the calculation of trace gas references for
the BTX analysis, as the narrow O2 absorption bands are strong or
even at saturation, even at fairly short light paths. Because typical
DOAS instruments have spectral resolutions in the range of a few
tenths of nanometers, the oxygen absorption structure is not
resolved in the observations. This leads to a non-linearity of the
dependence of oxygen absorption on the path length and concen-
tration, which impacts the shape of the other trace gas absorptions
in the analysis.

We have thus developed a new method to calculate trace gas
references in the 250e290 nm wavelength range, using the fact
that the atmospheric oxygen mixing ratio is constant and that the
concentration only varies by 10e20% due to pressure and temper-
ature changes. As derived in the Supplement, the oxygen absorp-
tion spectral structure can be included in the light source spectrum
used in the trace gas reference convolution (see supplement for the
mathematical equations of this calculation). Thus the calculation of
the trace gas reference spectra can be performed with a method
that is commonly used for reference spectra calculation for sunlight
absorption spectra, the so-called I0-effect (Platt and Stutz, 2008). To
our knowledge this approach has not been previously used in LP-
DOAS BTX measurements. A consequence of this approach is that
trace gas reference spectra have to be calculated for each specific
absorption path length and, in the case of multi-path observations,
each path has its own set of references.

The high resolution absorption cross sections for O2, O2$O2 and
O2$N2 used in the calculations of reference spectrawere taken from
(Fally et al., 2000), the ozone absorption cross section is from (Voigt
et al., 2001), and the absorption cross sections for the aromatic
hydrocarbons are from (Fally et al., 2009). Two oxygen reference
spectra are calculated for two different concentrations, i.e. the
second spectrum has a 20% lower O2 column density. The second
spectrum is orthogonalized to the first and describes possible
nonlinearities in the O2 absorption due to small changes in atmo-
spheric oxygen concentrations. It should be noted that oxygen
absorption reference spectra are calculated using a simple convo-
lution of the absorption cross section, i.e. without the I0 effect.
O2�O2 and O2$N2 absorptions are treated as normal trace gas ab-
sorption spectra, as their absorptions are much weaker and spec-
trally broad.

The atmospheric absorption spectrum, after division by the LED
spectrum, and the reference spectra were smoothed to filter fre-
quencies higher than expected from the spectrometer resolution.

The spectral retrievals were performed using a combination of a
linear and non-linear least squares fit that fits a model function,
F(l), consisting of a linear combination of the reference spectra and
a polynomial of order n to the logarithm of the atmospheric spec-
trum divided by the LED spectrum.

The least squares analysis was performed on two separate
wavelength intervals; one for benzene and one for toluene and the
xylenes (Table 2). The benzene range covered the wavelength in-
terval from 252 to 261 nm, while toluene and xylenes were
analyzed in the wavelength interval from 263 to 274 nm, excluding
a small interval from 265 to 266 nm due to a recurring unexplained
structure which led to instabilities in the retrieval. Table 2 lists the
reference spectra included in the fit, as well as the degree of the
polynomial fitted to describe broadband absorptions (Platt and
Stutz, 2008). In both windows the oxygen containing species
were allowed a common small spectral shift of less than ±2 pixel.
Ozone and the respective aromatics were also allowed a small
common spectral shift of ±2 pixel. This shift allowed for the
correction of temperature changes of the spectrometer, which in
our Texas deployment was not constant. The statistical uncertainty
of the trace gas mixing ratios is calculated by the fitting procedure
for each spectrum using the methods described in Platt and Stutz
(2008). This statistical error was multiplied by a factor of two to
compensate for the smoothing applied to the spectra, roughly
following the argument by Stutz and Platt (1997). The accuracy of
the reported mixing ratios is dominated by the accuracies of the
absorption cross sections, i.e. 5e15% for O2, O2$O2 and O2$N2 (Fally
et al., 2000), 5% for ozone (Voigt et al., 2001), and <8 % for benzene,
toluene, p-xylene, and m-xylene (Fally et al., 2009). Accuracies of
absorption path length, spectrometer stray light, and other
instrumental effects are below 2%.

Fig. 3 shows an example of the spectral retrieval of benzene on



Table 2
Details of the Manchester St. site LP-DOAS data analysis and detection limits under optimal conditions during BEE-TEX.

Species Wavelength range Trace gases fitted Detection limit under optimal conditions,
ppb M1 (770 m)/M2 (1203 m)/M3 (270 m)

Benzene 252e261 nm O2, O3, O2$O2, O2$N2,
benzene, polynomial degree 4

0.56/0.34/1.2

Toluene 263e274 nm
excluding 265e266 nm

O2, O3, O2$O2, O2$N2,
toluene, m-xylene, p-xylene, and polynomial degree 5

0.60/0.45/1.28

m-Xylene 263e274 nm
excluding 265e266 nm

O2, O3, O2$O2, O2$N2,
toluene, m-xylene, p-xylene, and polynomial degree 5

0.58/0.38/1.11

p-Xylene 263e274 nm
excluding 265e266 nm

O2, O3, O2$O2, O2$N2,
toluene, m-xylene, p-xylene, and polynomial degree 5

0.36/0.28/0.76

Fig. 3. Example of the spectral retrieval of benzene on 2/13/15 6:43 CST on the 270 m
light path at the Manchester St. site. The red curves show the fitted reference spectra of
the respective absorbers. The black curves are the fitted references with the unex-
plained residual structures of the retrieval added. The comparison of the two curves
shows the clear identification of 33 ± 0.9 ppb of benzene. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 4. Example of the spectral retrieval of toluene and m-/p-xylene on 2/18/15 1:07
CST on the 770 m light path (M1) at the Manchester St. site. The red curves show the
fitted reference spectra of the respective absorbers. The black curves are the fitted
references with the unexplained residual structures of the retrieval added. The com-
parison of the two curves shows the clear identification of 31.4 ± 0.8 ppb of toluene,
11.0 ± 0.6 ppb of m-xylene, and 4.9 ± 0.2 ppb of p-xylene. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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2/13/15 6:43 CST on a 270 m light path at the Manchester St. site in
Houston. The comparison of the retrieved benzene absorptionwith
the scaled reference spectrum shows the clear identification of
33 ± 0.9 ppb of benzene. The residual of the fit is mainly deter-
mined by the photon noise in the spectrum. Fig. 4 shows the
spectral retrieval of toluene and m-/p-xylene on 2/18/15 1:07 CST
on the 770m light path (M1) at theManchester St. site. Toluene and
the xylenes were clearly identified, with 31.4 ± 0.8 ppb of toluene,
11.0 ± 0.6 ppb of m-xylene, and 4.9 ± 0.2 ppb of p-xylene.

The detection limits, reported here as twice the statistical
mixing ratio error determined by the fitting procedure, as deter-
mined in the field from the average statistical error of the DOAS
spectral analysis, are listed in Table 2. For all four aromatic hydro-
carbons the detection limits are around 1 ppb or below. It should be
noted that the common approach of listing detection limits for LP-
DOAS system, i.e. minimal mixing ratios detectable on a specific
light path, is not ideal in the case of inhomogeneously distributed
gases, such as plumes along a fenceline. A better quantity to report
the detection limits is the trace gas column detection limit, i.e. the
product of the mixing ratio detection limit multiplied by the path
length. The column detection limit averaged for our 770 m and
1203 m long paths are: 420 ppb � m for benzene, 500 ppb � m for
toluene, 451 ppb �m for m-xylene, and 307 ppb �m for p-xylene.
It should be noted that there is no clear dependence of the column
detection limit for long paths. This is different for the 270 m long
paths, where the column detection limits are smaller: 324 ppb �m
for benzene, 345 ppb � m for toluene, 300 ppb � m for m-xylene,
and 205 ppb � m for p-xylene. The higher column detection limits
on longer paths are caused by photon noise, i.e. limitations of the
amount of light collected by the system. On the other hand, the
270 m detection limit likely has components of an inaccurate
description of the oxygen and ozone absorption.

It should be pointed out that these detection limits are deter-
mined from realistic atmospheric measurements, in contrast to
those reported for commercial instruments, which are often based
on calculation using anticipated noise levels or zero-span drift tests



Fig. 5. Ratio of the peak intensities of the two LEDs at 270 nm and 261 nm (see Fig. 2)
during the Houston deployment. The insert shows the ratio of LED spectra measured at
the beginning and the middle of the experiment.
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(Kim, 2004), and thus do not consider the challenges in the analysis
of real atmospheric data. In addition, a relative analysis using an
atmospheric spectrum generally improves the precision of the
analysis at the price of an unknown bias. It is thus not surprising
that the detection limits for our absolute measurements are in the
same range as those reported by the manufacturers of these in-
struments. Our detection limits are somewhat better than those
from other research grade instruments (see for example Jobson
et al. (2010)).

3.1. Other measurements

During our field deployment in Houston a number of other
measurements were available. Here wewill focus on those that can
be directly compared to our observation, i.e. meteorological pa-
rameters, ozone, benzene, and toluene.

3.1.1. Proton-transfer mass spectrometer
The University of Houston Proton-Transfer Mass Spectrometer

(PTRMS) was deployed at the Manchester St. Site, at the location of
the LP-DOAS system. During the first five days of the Houston
deployment the PTRMS sampled at 15 m altitude, the height of the
LP-DOAS telescope. For the rest of the experiment, measurements
were performed at 3 m above the ground. The PTRMS measures a
suite of hydrocarbons, including benzene, toluene, and the sum of
ethyl benzene and the xylenes (Lindinger and Jordan, 1998). The
PTRMS was calibrated for select VOC species six times during the
month of February using a gas standard provided by Aerodyne and/
or HARC. The calibrations consisted of a standard addition of the
calibration gas, diluted by flow of zero air at a rate that results in an
overflow when the PTRMS samples from line. During the calibra-
tions, the respective PTRMS units operated by Aerodyne and/or
HARC were calibrated sampling from the same standard dilution
flow. The detection limit for a 1 Hz sampling frequency was
0.92 ppb for benzene, 0.86 ppb for toluene, and 0.83 ppb for the C2-
benzenes. While the instrument measures at a 1 Hz frequency, we
will use 1-min averaged data in the rest of this manuscript.

3.1.2. Ozone UV absorption
A 2BTech dual cell UV absorption ozone instrument was also

operated by UH at the Manchester St. site. This instrument sampled
at 3 m altitude for the entire experiment in Houston. Ozone mixing
ratios have an accuracy of ~1.5 ppb.

3.1.3. Meteorological data
Meteorological data was measured by a meteorological station

operated by the Texas Commission of Environmental Quality,
located on Manchester St. about 500 m from the aforementioned
LP-DOAS site (CAMS 1029, http://www.tceq.state.tx.us/cgi-bin/
compliance/monops/site_info.pl).

4. Results

The new instrument was used during two field deployments: for
3 months as a fence-line monitor behind a refinery in Los Angeles,
and, together with a second, identical instrument in Houston, Texas
to measure 2D concentration fields of benzene, toluene and xy-
lenes. We will present the results of the two deployments in this
section, after discussing the performance of the new instrument
and the new LED light source.

4.1. Performance of LED light source

The most innovative aspect of the new instrument is the new
dual deep-UV LED light source. It is thus useful to provide
information on its performance during the Houston field experi-
ment. We chose this deployment over the fence-line monitoring
experiment as the conditions were much more challenging, thus
amplifying any possible problems with the light source. The in-
strument was operated continuously during a three week period in
Houston, except for a few short power failures and a three-day
break due to heavy thunderstorms. The light source was located
in an aluminum crate outdoors, together with the spectrometer/
detector and other electronics. The boxwas not thermally stabilized
and the temperature in the crate changed between 10 and 40 �C.
During normal instrument operation, regular observations of the
LED signal were made by rotating a diffuse reflective target in front
of the bifurcated fiber. It was found that the reflectivity of this
target decreased throughout the experiment, and that absolute
measurements of light intensity were not possible. The intensities
during the atmospheric measurements did not decrease noticeably
(not shown), taking into account the high variability of this quantity
due to atmospheric effects.

For DOAS applications the stability of the absolute intensity is
less important than the spectral stability, which in our case is
controlled by the stability of the two LEDs relative to each other.
The ratio of the intensities at the two peak wavelengths of the LEDs
in the light source spectra showed a variability of up to 10% over the
duration of the experiment (Fig. 5). However, the relative in-
tensities vary less over shorter time periods and the changes are
fairly smooth, indicating a slow drift rather than random effects.
We attribute these drifts to changes in temperature or other envi-
ronmental conditions in the instrument crate. The fast changes, for
example on 2/17 and 2/19, are due to rapid temperature changes
when the crate was opened to work on the instrument. However,
such changes were corrected in the analysis, as the instrument
measured an LED spectrum after each re-start of the normal mea-
surement routine. The insert in Fig. 5 shows the ratio of two LED
spectra at the beginning and in the middle of the experiment. The
ratio shows a broad spectral structure due to variations in the LED
emissions of 2% peak-to-peak. The structure is sufficiently broad
that it can easily be removed by the polynomial included in our
retrieval fit. Nevertheless, we concluded from our experience in
Houston that thermally stabilizing the light source should increase
its stability, especially in uncontrolled environments. In addition,

http://www.tceq.state.tx.us/cgi-bin/compliance/monops/site_info.pl
http://www.tceq.state.tx.us/cgi-bin/compliance/monops/site_info.pl
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the measurement of regular LED spectra and the use of these
spectra in the analysis will reduce the effect of temperature drifts.
Fig. 7. Intercomparison of the LP-DOAS, measuring on a 270 m absorption path, with
PTRMS observations during an event with elevated and highly variable benzene
mixing ratios. The shaded area shows the uncertainty of the LP-DOAS measurements.
PTRMS data were averaged to 1-min time intervals.
4.2. Toluene and benzene intercomparisons

As part of the Houston experiment we also performed an
intercomparison with the PTRMS instrument of the University of
Houston. The PTRMS instrument is an in-situ instrument, and care
has to be takenwhen comparing its observations with those from a
path-averaging LP-DOAS instrument. To alleviate this problem, the
intercomparison was performed on the shortest, 270 m long, light
path with the PTRMS inlet located at one end of the light path, at
the same altitude as the light path, i.e. 15 m.

A plume of up to 25 ppb of toluene was observed by both in-
struments on 2/10/15 (Fig. 6). The comparison of the two obser-
vations shows excellent agreement, both in the temporal behavior
as well as the absolute levels of observed toluene. The red shaded
band shows the statistical error of the LP-DOAS observations (see
Section 3), which is in the same range as the short-term (1-min)
variability of the PTRMS data. A correlation of the PTRMS data in-
tegrated over the measurement interval of the LP-DOAS yields:
Toluene (LP-DOAS) ¼ (1.16 ± 0.5) * Toluene (PTRMS) - (1.1 ± 0.3)
ppb. It should be noted that this was the only toluene plume that
was observed during the 5-day long intercomparison period, and
that most of the time both instruments measured mixing ratios
close to or below their respective detection limits.

The intercomparison of benzene was considerably more chal-
lenging, as the few observed plumes were highly inhomogeneous.
As illustrated in Fig. 7, the PTRMS sees highly variable mixing ratios
of up to 100 ppb (max values not shown), while the LP-DOAS
measures a maximum of 45 ppb benzene at the mid-point of the
high PTRMS peaks. We believe that we observed emissions from a
railcar parked within ~20e30 m of the PTRMS instrument and that
the PTRMS observed individual air parcels from the railcar, while
the LP-DOAS provided an average over these air masses. Consid-
ering this inhomogeneity, the qualitative agreement between the
two observations is quite good. A somewhat more homogeneous,
but less concentrated plume on 2/9 is shown in Fig. S3. Here the
agreement between the systems is much better, especially during
Fig. 6. Intercomparison of the LP-DOAS, measuring on a 270 m absorption path, with
PTR-MS observations during an event with elevated toluene mixing ratios. The shaded
area shows the uncertainty of the LP-DOAS measurements. PTRMS data were averaged
to 1-min time intervals.
the second half of the plume encounter. However, there still appear
to be differences that can be attributed to inhomogeneous mixing,
which are also apparent in the ozone data. It should also be noted
that the plume mixing ratios are quite small, with the LP-DOAS
values not exceeding 5 ppb. The figure also shows the very good
agreement between the LP-DOAS ozone derived in the benzene
analysis window, with the in-situ ozone monitor operated by UH.
We are not showing an intercomparison of m- and p-xylene, as the
PTRMS only measures the sum of ethyl benzene and the xylenes
and the LP-DOAS was not able to detect o-xylene.

Overall, the agreement between the PTRMS and the LP-DOAS is
very good, based on the few plumes with mixing ratios above
1e2 ppbwe encountered, and the clear challenges of comparing in-
situ with path-averaging measurements when measuring close to
sources.
4.3. LP-DOAS as fence-line monitor

The initial application for which the new LP-DOAS instrument
was designed was long-term fence-line monitoring of benzene,
toluene and xylenes. We therefore operated the instrument during
a three month period from June to August 2014 on a 230 m long
path running parallel to the fence-line of a refinery in Carson, CA.
The LP-DOAS was run in automatic mode, with a 1 min time res-
olution. The instrument operated flawlessly, except for three power
failures. A 10 day excerpt of the benzene data set illustrates the
performance of the instrument (Fig. 8). Benzene mixing ratios were
typically around 0e1 ppb when the LP-DOAS was upwind of the
refinery (wind-direction ~ 300�), and 2e4 ppb when the LP-DOAS
was downwind of the refinery (wind-direction 90-270�). We
attribute the variability in the up-wind benzene data to the sta-
tistical error in our analysis, which is ~0.5 ppb during this mea-
surement period. We conclude from this testing period that the
new LP-DOAS can be operated with minimal human interaction at
sensitivities suitable to measure fugitive emissions from petro-
chemical facilities at mixing ratios above 0.5e1 ppb. The stability of
the new light source and the telescope setup allow long term fully
automated operation, providing considerable cost-savings in its
operation.



Fig. 8. Example of fence-line benzene measurements in Carson, CA. Benzene mixing
ratios when air passing over the refinery is sampled (wind direction ~100�) are about
2 ppb higher than background mixing ratios.
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4.4. Observation of 2D concentration distributions

A novel application for aromatics measurements with LP-DOAS
is the determination of two-dimensional distributions of benzene,
toluene and xylenes using two LP-DOAS instruments with multiple
crossed light paths. Such measurements have been reported for
NO2 (Hartl et al., 2006; Laepple et al., 2004) using LP-DOAS, and
ammonia using open-path Fourier Transfer IR Spectroscopy (Todd
et al., 2001). However, to our knowledge this has not yet been
attempted for aromatic hydrocarbons. The following section will
describe the setup of such a LP-DOAS network, discuss the obser-
vational data, and present an example of the retrieval results. De-
tails of the retrievals of the 2D mixing ratio fields and the final
results are given in a companion paper by Olaguer et al.

Observations were performed during the BEE-TEX field experi-
ment in February 2015 in the Manchester neighborhood in Hous-
ton, TX. Two LP-DOAS systems, identical except for the
spectrometers, were used. The second instrument used an Acton
Spectra Pro 500, and thus had a slightly different spectral resolution
and spectral range than the system described in Section 2. How-
ever, the data analysis was performed using the same parameters as
given in Section 2 (Table 2), and the detection limits were generally
comparable.

The setup of the LP-DOAS network is shown in Fig. 9, with de-
tails listed in Table 3. One instrument was located at the corner of
Manchester St., and 97th St. (Manchester St. Site). The second in-
strument was located in the northeastern corner of Hartman Park
(Hartman Park site). Seven light paths with lengths between 270
and 1203 m were set up (Fig. 9). The Hartman Park instrument
cycled between four light paths (H1eH4), while theManchester St.
instrument measured sequentially on three light paths (M1 e M3).
Measurement time on each light pathwas ~5min. The total time for
a full 2D scan, including telescope movement and alignment, was
thus ~25 min.

High trees in the neighborhood made the setup of the network
extremely challenging. Seven retroreflector arrays were set up. The
three southern reflectors were mounted on telescopic radio towers
at an altitude of 15e20 m above ground level (agl). The two arrays
on the western site of the network were mounted on the rail of the
IH610 bridge, which crosses the Houston Ship Channel, at altitudes
of 20e30 m agl. The last reflector was mounted on the top of the
Hartman Park scaffolding tower at 15 m agl. The LP-DOAS systems
were mounted on 15 m high scaffolding towers, which made
operation difficult and led to problems when high winds led to
movement of the towers, causing a loss of aim onto the reflectors. In
addition, the electrical power was sporadic at Hartman Park.
Consequently, the dataset has multiple gaps during the measure-
ment period of 2/9/15e2/28/15 for theManchester Park system and
2/15/15e2/28/15 for the Hartman Park instrument. Nevertheless,
both instruments worked simultaneously during extended periods
of time, thus allowing the demonstration of the 2D mapping
capability of such a setup. It should be noted that the original set-up
of the network had two more paths in the southern part of the
domain, which were blocked by very high trees and therefore could
not be used. However, as will be shown below and explained in
more detail in Olaguer et al., the reconstruction of the 2D concen-
tration fields was possible with the 7 absorption paths described
here.

During most of the experiment, mixing ratios of aromatics were
at or below 1 ppb, near the detection limit of the LP-DOAS in-
struments. Simultaneous measurements performed by various
mobile platforms confirmed the generally low background levels of
aromatics in Houston. During two nights, 2/18 and 2/19, however,
plumes with high mixing ratios of aromatic hydrocarbons were
observed during the late night. We will focus on this period here
and qualitatively discuss the spatial distribution of toluene and m-
and p-xylene. A different example was chosen for benzene, as
benzene levels were quite low during this period, indicating a
different set of sources for benzene.

As illustrated in Figs. 10 and 11, mixing ratios of toluene and m-
and p-xylenewere in the lowppb levels beforemidnight on 2/18. At
01:00 on 2/18 all Hartman Park light paths, as well as M1 and M2,
detected elevated toluene and m- and p-xylene. The event shows
two distinct plumes, which are separated by one horizontal scan
that is close to background levels. The highest mixing ratios of
~60 ppb toluene and 10e20 ppb of the xylenes were observed in
the first plume on the H2 light path, with somewhat lower levels on
the H1 and M1 paths. These three light paths have the highest
coverage in the northwestern part of the DOAS network. For the
first plume, the H3, H4 and M2 paths also see the plume, but with
lower mixing ratios, while M3, which is located in the south-
western corner of the network, does not show elevated toluene.
One can thus qualitatively conclude that the plume was located in
the northwestern part of the Manchester neighborhood. The sec-
ond plume on 2/18 shows a somewhat different behavior in that H1,
H3, and M2 have similar mixing ratios, and even M3 shows an in-
crease of the mixing ratios. It thus appears that this plume is mostly
in the center of the network, extending partly to the southeastern
corner. A third plume only seems to be present in the Manchester
St. light paths.

Another event was observed during the following night (Figs. 10
and 11). The behavior of this plume is similar to the one we just
described, with the highest mixing ratios on the H1 and H2 paths.
However, in this case, the M1 - M3 paths showed little enhance-
ment in mixing ratios, indicating that this plume was limited to the
western part of the network. However, the similarity in distribution
on the Hartman Park paths seems to point to a common source for
the plumes on 2/18 and 2/19. The 2/19 event will be discussed in
more detail in Olaguer et al. Surprisingly, the two large toluene/
xylene plumes on 2/18 and 2/19 showed little benzene, with a peak
benzene mixing ratio on H2 of 6 ppb above a background of 4 ppb
on 2/18, and 7 ppb above a background of 4 ppb on 2/19.

The retrieval of 2D trace gas distributions from these observa-
tions using the HARC 3D forward and adjoint micro-scale air quality
model (Olaguer, 2011) is presented in the companion paper by
Olaguer et al. Fig. 12 shows the results for the retrieval of the plume
encountered on 2/18/15 at 01:00. The retrieval confirms the



Fig. 9. Setup of the two LP-DOAS instruments and the seven light paths during the BEE-TEX experiment in the Manchester neighborhood in Houston, TX.

Table 3
Retroreflector locations and instrument/reflector distances for the seven absorption
paths during the BEE-TEX experiment.

Reflector location Distance (m)

Manchester St. LP-DOAS
M1 LP-DOAS scaffolding tower at Hartman Park 770
M2 Southern end of IH610 bridge 1203
M3 Telescopic tower south of LP-DOAS 270
Hartman Park LP-DOAS
H1 IH610 bridge 513
H2 Southern end of IH610 bridge 526
H3 Telescopic tower at the exit ramp of the IH bridge 689
H4 Telescopic tower near the Central St. bridge 740

Fig. 10. Toluene on all seven light paths during a period with two nighttime plumes.
Panel a) shows the observations from the Manchester St. site, with the data color coded
according to light paths. Panel b) shows the four different light paths of the Hartman
Park site.

Fig. 11. m-xylene (panels a & b) and p-xylene (panels c & d) on all seven light paths
during a period with two nighttime plumes. The observations show the same period as
in Fig. 10.

J. Stutz et al. / Atmospheric Environment 147 (2016) 121e132130
qualitative interpretation of the LP-DOAS observations, by placing
the highest toluene mixing ratios and its source in the north-
western corner of the Manchester neighborhood. Peak mixing
ratios are around 60e80 ppb, higher than those observed by the LP-
DOAS. However, the overlaid light paths show that the H1 and H2
LP-DOAS paths also capture the already diluted part of the plume,
thus explaining the somewhat lower observed mixing ratios. The
lower H3 and H4 mixing ratios can be explained by the fast
decrease of the toluene mixing ratios southwards.
5. Conclusions

The goal of this study was to demonstrate a novel LP-DOAS
system specifically developed for the measurement of aromatic
hydrocarbons. Two applications were presented: one LP-DOAS as a
long term fence-line monitor, and a dual LP-DOAS network to
perform two-dimensional observations of trace gas distributions.
The following conclusions can be drawn from our experience with
the new LP-DOAS system:



Fig. 12. Retrieval of the spatial distribution of toluene in the Manchester Neighborhood in Houston, TX, on 2/18/15 at 01:00. The retrieval is based on the LP-DOAS data shown in
Fig. 10 and the HARC model described in the companion manuscript by Olaguer et al.. Numbers in the figures are toluene mixing ratios in ppb.
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� A new light source, which combines two LEDs using a fiber
mixer, is suitable for LP-DOAS observations of aromatic
hyrdrocarbons. The use of LEDs solves the problem of large stray
light levels due to light with wavelengths smaller than 290 nm
encounteredwhen using Xe-arc lamps. It is also longer lived and
more stable than comparable Xe-arc lamps. While we demon-
strated this setup in the UV wavelength range, it should also be
applicable for DOAS observations in other wavelength ranges by
using other LED combinations.

� The new instrument, together with an improved analysis algo-
rithm, allows the absolute determination of BTX concentrations
without the use of an atmospheric reference spectrum. This is a
significant improvement compared to many commercial sys-
tems, which predominately measure relative to this reference
spectrum.

� We demonstrated that dedicated LP-DOAS instruments are
capable of measuring aromatic hydrocarbons on light paths
from 270 to 1200 m length, with detection limits below 1 ppb.
Comparison with in-situ data shows very good agreement in
cases where awell-mixed plume is encountered. However, close
to sources the high variability of the data makes a comparison
difficult. To our knowledge this is the first time a BTX LP-DOAS
system has successfully been operated on light paths longer
than 700 m. This ability expands the possible applications of
BTX LP-DOAS.
� The new light source, together with a stable telescope setup and
thermally stabilized spectrometers, is capable of performing
long-term automated observations of aromatics along the
fence-line of a petrochemical facility. The 1 min time resolution,
together with a near-real time data analysis (~30 s after mea-
surements) allows this system to also be used as an alarm sys-
tem for accidental releases from a facility.

� A network composed of two near-identical LP-DOAS in-
struments measuring on seven crossing light paths is capable of
obtaining information on the horizontal distribution of aromatic
hydrocarbons. This approach allows the identification of emis-
sion sources in near-real time, as demonstrated during BEE-TEX.

Our results demonstrate the potential of LP-DOAS as a powerful
tool to monitor air-toxics levels as well as to identify their sources.
We demonstrate that systems based on our design can address the
monitoring requirements for benzene and other aromatics put
forward by the new EPA rule on petrochemical facility emissions
(http://www.epa.gov/airtoxics/petref.html). The high sensitivity of
the new instrument also allows distinguishing of elevated BTX
levels near petrochemical facilities, which are typically at or above
1 ppb, from typical ambient levels of below 0.5 ppb, something that
has been elusive for commercial LP-DOAS systems. The proposed
design, and especially the LED setup, offers opportunities to
develop cheaper systems. In particular, the use of less sophisticated

http://www.epa.gov/airtoxics/petref.html
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spectrometers could reduce the cost of the instrument consider-
ably. In addition, smaller telescopes can be used if light path lengths
do not exceed 500 m. Ultimately, such systems could enable
automated continuous monitoring of benzene, toluene, and xylene
levels around and inside petrochemical facilities.
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