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DOAS-4R ultraviolet open path gas analyzer
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An ultraviolet open path gas analyzer operating in the 200-460 nm wavelength range designed for
determining low concentrations of gaseous pollutants in the urban atmosphere based on differential
optical absorption spectroscopy (DOAS). The analyzer includes a xenon arc lamp, coaxial telescope,
retroreflector, monochromator-spectrograph, and linear diode array as a detector. A personal computer is
used for measurement control and data processing. The analyzer’s databank contains 31 gaseous components,
including such ubiquitous pollutants as sulfur dioxide, nitric oxide, nitrogen dioxide, ozone, formaldehyde,
ammonia, and some monocyclic hydrocarbons. Minimum detectable concentrations vary from fractions of
ppb to a few ppb. Results of trial measurements in Obninsk are presented.

Introduction

The differential optical absorption spectroscopy
(DOAS) method is now widely used for measuring
minor concentrations of atmospheric pollutants. First
measurements based on the DOAS principles were
conducted in the late 1970s. After that, this method has
been extensively employed in both research and applied
studies connected with monitoring of atmospheric
pollution. The DOAS principles are reviewed and
analyzed in Ref. 1. In a wide sense, differential methods
in spectroscopy mean any measurement based on
comparison of spectral characteristics for two or several
wavelengths. In this paper, the DOAS method is
understood in a more narrow sense! as a method based
on a representation of an absorption spectrum as a sum
of smooth and differential components and on the
analysis of the differential absorption spectrum as a whole
for the selected wavelength region. At a precision recording
of a spectrum by DOAS method, it is important to
exclude any signal variations that are not associated with
the absorption spectra of the gases analyzed. Therefore,
either fast scanning of the spectrum with moving slits
or simultaneous recording of all spectral components in
the selected region with a multichannel detector is used.

Purely optical DOAS measurements have many
advantages as compared with ordinary contact methods.
In particular, they require no sampling and use no chemical
materials. Besides, they are capable of measuring
simultaneously and automatically several gaseous
components, and the time for one measurement usually
is only 2—3 min.

Some commercial DOAS analyzers for monitoring
of atmospheric pollution have been recently developed
in foreign countries. In Russia, DOAS analyzers have
been developed since 1997 by the Scientific Technical
Center “Eridan-1” (Obninsk). In this paper, we
describe the latest DOAS-4R model of the gas analyzer,
which was certified by the Russian State Standardization
Committee in 2001, discuss the measurement technique,
and present the results of field measurements of some
gaseous atmospheric constituents in Obninsk.
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Operating principle

The DOAS-4R gas analyzer is designed for
determining low concentrations of gaseous pollutants in
the atmosphere. It operates in the wavelength region from
200 to 460 nm. Depending on the gas concentrations and
the spectral interval taken in the selected region, the path
length can vary from several meters to 1 km. The appearance
of the DOAS-4R gas analyzer is shown in Fig. 1. The
DOAS-4R operating principle is illustrated in Fig. 2.
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Fig. 1. External view of the DOAS-4R open path gas analyzer.

For operation in the atmosphere, a telescope with
integrated transmitting and receiving channels is used.
The telescope is fixed on a biaxial rotator. The luminous
body of a 150 W xenon arc lamp is placed near the focus
of the main spherical mirror. The ring-shaped radiation
beam is directed by a plane beam turning mirror and the
periphery of spherical mirror along the atmospheric path
to a retroreflector. The inner ring of the spherical mirror
is used for reception of the radiation reflected by the
retroreflector. With the secondary turning mirror, the
received radiation is directed through the central hole in
the spherical mirror to the entrance aperture of a fiber-
optics cable that is also located near the focus of the
spherical mirror. The fiber-optics cable transports the
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Fig. 2. Operating principle of the DOAS-4R open path gas analyzer.

radiation to the entrance slit of a monochromator-
spectrograph (MS). A linear photodiode array is installed
in the plane field of the MS exit image. The signal
from the array is digitized and entered into a computer
for processing. Note that the photodiode array operates
at room temperature without cooling.

To record the xenon lamp spectrum, the entrance
aperture of the telescope is shut with a cover to prevent
exit of the radiation. A retroreflector similar to that
installed at the far end of the path is placed inside the
cover at the boundary between the telescope’s receiving
and transmitting zones. The retroreflector reflects a part
of the lamp radiation into the receiving ring of the
telescope’s spherical mirror.

Below we present the basic performance parameters
of the DOAS-4R units. The main spherical mirror of the
telescope has the diameter of 261 mm and the focal length
of 800 mm. The retroreflector 60 mm in diameter is made
of quartz with the mutual orientation of the reflecting
planes accurate to 5”. Quartz monofiber with the
diameter of 200 um in a protecting cover is used as a
light guide. An important parameter is homogeneity of
the angular distribution of radiation at the exit from
the light guide, since inhomogeneities in the angular
distribution can lead to appearance of parasitic structures
in the spectral signal.2 Tests showed that a smooth
bell-shaped radiation distribution with the halfwidth of
15° is observed at the exit of the light guide used in the
DOAS-4R.

The high-accuracy MS-3501 I monochromator-
spectrograph (SOLAR TII, Minsk, Belarus) has 3.8
F/D ratio and the inverse linear dispersion of
2.4 nm,/mm. The MS uses a diffraction grating with
the maximum reflection at the wavelength of 275 nm.
A Hamamatsu 1024-pixel 25 x 500 um linear diode array
is set in the 28 x 10 mm plane MS field. The diode array
simultaneously records the spectrum in the wavelength
interval of 60 nm with the resolution of 0.24 nm at the
slit width of 100 um. The time of the exposure needed
for single recording of the spectrum can vary from
10 ms to 5s. Usually, the results are averaged over
100—1000 exposures with the total time no longer than
3 min. The electronic unit of the diode array includes

an analog-to-digital converter (ADC). The electronic
unit card is set in a free ISA slot of the computer. The
DOAS-4R is operated in a computer-controlled and
fully automated measurement mode with the possibility
of sharing the results via a communication line.

Measurement method

When processing measurements, the spectrum of the
signal having passed through the atmosphere is
normalized to the spectrum of the source and then
separated into the fast varying (differential) and
smoothly varying parts.! This separation is conditional
to some extent and depends on the representation of the
smoothly varying component. In this paper, we represent
the smoothly varying part as a polynomial, therefore that
part of the considered characteristic (signal, cross
section), which can be represented as a polynomial in the
considered wavelength interval, is classified as a polynomial
part, and the rest is classified as a differential part.

Smooth variation of the signal accounts for Rayleigh
and aerosol scattering, as well as continuum absorption
by gases present in the atmosphere. It also includes
instrumental components, for example, transmittance of
the optical elements and the spectral characteristic of the
detector. The differential part in the considered spectral
region is caused by the absorption due vibronic molecular
transitions. Overlapping of some vibrational bands in the
absorption spectrum creates a spectral absorption curve
characteristic of every gas, and this allows identification
of components in a gas mixture and determination of
their concentrations.

In the DOAS method, it is assumed that either the
source and instrumental spectral dependences include no
differential component or it is completely excluded by
normalization. For some reasons whose analysis is beyond
the scope of this paper, a small (1072 — 1073) differential
component of this kind is still present and not fully
excluded at signal normalization to the lamp spectrum.
The residual differential component, along with the
instrumental noise, determines the measurement error
including both the random and unknown systematic
components.
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The normalized signal of the DOAS analyzer S().)
can be written as

SOV =A0) jG(w-u) To, () x

—00

X exp[ - 0,0 CL 1 B A/, (1)
i

where G(| &' =) is the instrumental function; A(L) is the
spectral sensitivity of the detector; C; is the concentration
of the ith component of a gas mixture; o4;(1) is the
absorption cross section of the ith component; L is the
path length, which is understood here as a dual path
length (for the two-pass scheme, the doubled distance
from the telescope to the retroreflector); B(A') is the
smoothly varying part of the optical signal at the entrance
of the spectrometer; T, (M) = explco,(A') Co, L] is the
spectral transmission coefficient of oxygen at the path
having the length L with the concentration of oxygen
molecules Co,-

It should be noted that both the total and the
differential absorption cross sections could be used as
64i (). In the latter case, absorption due to the smoothly
varying part of the cross section is taken into account
when approximating the signal by a polynomial.

Consider first the wavelength region, in which
absorption by oxygen can be neglected. Then, with the
additional assumptions on the small optical absorption
thickness for every gas o, (1) C; L <<1 and smooth
variation of B(A') on the scale of the instrumental
function G( |2 —2']), we can pass from Eq. (1) to a linear
equation convenient for mathematical processing. Write
it in a discrete form with the allowance made for the
polynomial representation of the smooth part

m

N
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where S = In S(Ap); F ;= 0;(Ag), 6;(Ag) is the result of

convolution of the initial cross section 6,;(;) with the

instrumental function; n is the number of discrete signal

readings; m is the number of gaseous components; N is the

polynomial power; A; are the polynomial coefficients.
Let us present Eq. (2) in the matrix form

p
Sk:ZDkiXi’ k= 1, o N, (3)
i=1

where Dy; is the matrix for the system of equations (2);
the vector X; is X; = (Ag, Ay, ..., Ay, Cy, ..., Cp);
p=N+m+1.

The system of equations (3) is solved using a
numerical method of singular matrix decomposition,3
which provides for better numerical stability as compared
with the frequently used method of normal equations.
The matrix D in this case is represented as D = UTVT,
where U and V are orthogonal matrices, and X is the
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diagonal matrix with singular numbers v; at the main
diagonal. Within this representation, the solution by the
least squares method for the components of the vector
X; can be written as follows:

P n
d
Xi = E Vie 25 2 = =5 dk=§ UpSi- (D
k=1

Vi i=1

Assume that the covariance error matrix <aS; 85>
is diagonal and all diagonal elements are £2 (where ¢ is
the relative measurement error).

Then from Eq. (4) we obtain estimates for variances
of the parameters X;:

P
<6Xi2 > = 822
k=1

In the measurement process, € can be estimated from
deviations, i.e., root-mean-square differences between
the measured and calculated signals Sp.
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Allowance for the oxygen absorption

The wavelength region from 240 to 300 nm includes
structured absorption bands for some monocyclic
hydrocarbons polluting the atmosphere. It also includes
the range of oxygen absorption from 240 to 280 nm. In
this range, the differential optical absorption thickness
of oxygen for atmospheric paths of several hundreds
meters long can reach ~ 0.1-0.2, while the minimum
detectable absorption thickness for DOAS measurements
is ~ 1074 — 1073. Therefore, oxygen absorption in the
spectral range of 240-280 nm should be carefully taken
into account. As to the continuum absorption in the
wavelength region A < 242 nm, oxygen absorption here is
taken into account by the approximating polynomial
because of the smooth wavelength dependence of the
absorption cross section, and thus it does not affect
measurement results.

The absorption spectrum of atmospheric oxygen in
the region of 240-280 nm includes the Herzberg bands
I, 11, and III, which consist of discrete absorption bands
observed against the background of the Wulf diffuse
absorption band.4

Diffuse absorption in the Wulf band is connected
with the Herzberg band IIT and, as was shown in Ref. 4,
caused by pair collisions of oxygen molecules with other
molecules in the air (largely, oxygen and nitrogen
molecules). The distinguishing feature of absorption in
the Wulf band is the square pressure dependence of the
optical absorption thickness that corresponds to the
collisional nature of absorption.4

Most careful measurements of oxygen absorption
performed in recent years are published in Refs. 5 and 6.
Reference 5 presents the positions of rotational lines for
all the three Herzberg bands, and Ref. 6 presents the
line strengths for the same rotational transitions. Line
broadening at atmospheric pressure is caused by both
the Doppler effect and collisional processes. As known,
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the line profile g(v — vg¢) in this case is described by
the Voigt integral.

The total oxygen absorption cross section can be
presented as a sum of contributions from discrete lines
with the intensity S; at the frequency vg; and the
continuum absorption in the Wulf band ow(v):

50, (V) =Y S gv=vo) + ow (W), (6)

where summation is performed over all lines contributing
markedly to absorption at the frequency v.

It can be shown that in the presence of absorption
by oxygen Eq. (1) can also be reduced to the form (2),
if oxygen is included in the list of gases to be determined

with the effective absorption cross section c‘éﬁ; where

+00

L jG ([v'=v])To,(v)dv'|. (D)

Co, L

ff
60,(V) =~

It should be noted that the effective cross section

ng is calculated for the given values of the path length,

atmospheric temperature and pressure.

We have compared the measurement results in the
minimum polluted atmosphere with calculations in the
region of 240—-270 nm. In the comparison, we took into
account only oxygen and ozone, while the concentrations
of other gaseous components contributing to absorption
in this region, e.g. benzol and toluene, were assumed
negligibly small. As a result, the discrepancy was 4 - 1073,
At the optical absorption thickness ~ 0.1 on the path,
the obtained discrepancy was close to the experimental
error in line intensities ~ 2% given in Ref. 6. Analysis of
the discrepancies obtained in a rather long series of
measurements conducted on different days showed that
these discrepancies have a significant systematic component
3R and the random component, whose root-mean-square
value was 1073, The parameter 86, = 3R/ (Cq, L) was
interpreted as an empirical correction to the oxygen
absorption cross section and introduced in calculations in
the further experiments. The resulting measurement error
~1073 is quite acceptable for determination of the
concentrations of monocyclic hydrocarbons under urban
conditions.

Minimum detectable concentrations
and examples of field measurements

The list of gases included now in the analyzer’s
databank consists of 31 species, among them such
ubiquitous atmospheric pollutants as NO,, NO, SO,,
O3, CH,O, NHj3, as well as NOHO, CS,, CH3COH,
benzol, toluene, phenol, and other compounds from the
class of monocyclic hydrocarbons, whose absorption cross
sections were published in Ref. 7. For concentration
determination, all the above gases (except for NOHO)
are distributed over five 60-nm wide spectral intervals.
Up to 15 gases can be determined simultaneously.
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As a minimum detectable concentration (MDC), we
took 3o, where 6 = <§X2>1/2 was calculated by Eq. (5).
The error in signal recording € entering into Eq. (5)
was estimated from the discrepancies obtained at
measurements in the atmosphere. The values of € were
2-107%4 and 1073 as the spectral interval for measurements
was selected in the wavelength range longer or shorter
than 280-nm wavelength. The increase of the discrepancy
in the range of 240—280 nm is caused, first, by the
influence of errors in absorption by atmospheric oxygen.
In the range of 210—240 nm, the discrepancies increased
because of the decrease in the signal due to the decreasing
output of the xenon lamp in this spectral range and
increasing atmospheric absorption.

The Table presents the calculated values of MDC for
some ubiquitous atmospheric pollutants along with the
wavelength ranges optimal for measurements and daily
mean maximum permissible concentrations (MPCyy,)
established in Russia for these gases. The calculation
was performed for the path length of 400—-500 m for all
gases except for CHyO (for which the path length was
1000 m). It was assumed that the spectrum was recorded
in a 60-nm interval with the resolution of 0.3 nm and the
signal acquisition time of 2—3 min. For other gases, we
have obtained MDC ranging from 0.1 to 2.7 ppb.

Minimum detectable concentrations
for some ubiquitous gases

Wavelength, | MDC, | MPCyqp,
Gas b

nm pp ppb
NH3; Ammonia 210—-230 0.8 50
NO  Nitric oxide 210-230 1.8 45
NO, Nitrogen dioxide 320460 1.0 20
SO,  Sulfur dioxide 280-320 0.2 20
O3 Ozone 250270 3.0 14
CH;0 Formaldehyde 280—-350 1.0 2
Cg¢Hg Benzol 236-263 0.9 30
C;Hg Toluene 250-270 1.5 150

In the period from April 24 to May 11 of 2001,
field tests of the DOAS-4R, including measurements in
Obninsk, were conducted. Figure 3 depicts the measured
absorption spectra for several spectral intervals compared
with the calculated data. Figure 4 exemplifies simultaneous
measurements of the concentrations of SO, CH,0, NOy,
and Oj in the region of 295-350 nm. The measurements
were conducted during 24 hours on May 7 and 8. The
zero nighttime concentrations mean that the actual
concentrations of the gases at that time were lower
than MDC.

Analysis of these and other measurements showed
that the maximum concentrations were observed at the
time, when the wind was directed from potential sources
of the measured gases. As to the diurnal behavior of the
concentration of some gases, we can note the following:

— SO,. A morning peak of 1-2 ppb (7 ppb on one
day) was observed. The rest diurnal behavior was rather
arbitrary.

— CH,0. No typical diurnal behavior was observed.
Concentration peaks up to 5 — 8 ppb were observed at
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any time. This is likely connected with both alternation — NO,. The obtained diurnal behavior is rather
of wind direction and changes in emissions of this typical8; it includes morning and evening peaks, as well
pollutant with time. as midday and nighttime minima.
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Fig. 3. Experimental absorption spectra for some gases obtained along an open atmospheric path in Obninsk (thin curves) as
compared with calculated data (bold curves).
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Fig. 4. 24-hour measurements of gas concentrations in Obninsk on May 7-8, 2001.
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— O3. The maximum concentrations at the level of
60—80 ppb were observed in the period of 11:00—-13:00 LT
on sunny days, when the temperature inversion was
observed in the layer of 100—300 m until 12:00 (April 24—
26). The minimum concentrations from 5 to 9 ppb were
observed during rain — from 13:00 to 15:00 on May 11.

The DOAS-4R is now fully automated. Tests
including continuous measurements for several days were
conducted in Moscow. The results of these tests will be
published in our next paper.

Conclusion

The first domestic produced open path gas analyzer
DOAS-4R has been designed and tested. The DOAS-4R
gas analyzer can be used for monitoring of gas pollutants
in the urban atmosphere. DOAS-4R is capable of acquiring
measurement data in real time, and thus it can be
employed in automated hazardous pollution warning
systems. Since several gaseous components are measured
simultaneously, DOAS-4R can yield valuable information
in investigations connected with the transport and
transformation of gas pollutants in the atmosphere. The
DOAS-4R detection limit is from tenths of ppb to a few
ppb at the measurement time of 2—3 min.
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