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Preface

This thesis consists of

• an introduction to this area,

• some conclusions regarding this research and further

research

• the following four papers

I Axelsson, L., Lauber, A. Measurement of Sulfur Dioxide with

Differential Optical Absorption Technique Combined with

Fourier Transform1. Applied Spectroscopy, Vol 46, 1992,

pp 1832-1836.

I1 Axelsson, L. 'Measurement of Ammonia with Differential Optical

Absorption Technique Combined with Fourier Transform'.

Submitted to "Applied Spectroscopy ", Nov. 1993.

III Axelsson, L. 'Measurement of Atmospheric Pollutions with

Differential Optical Absorption Technique Combined with

Fourier Transform', To be presented at the "24th International

Symposium on Environmental Analytical Chemistry " Ottawa,

Canada, May 1994.

IV Axelsson, L. The use of Fourier Transform Combined with

Differential Optical Absorption Technique to Measure

Atmospheric Pollutions', To be presented at the "2 n d European

Conference on Optical Chemical Sensors and Biosensors"

Firenze. Italia, April 1994



Introduction

There is a great need today of improved monitoring techniques for

environmental pollution. These techniques should sense remotely

and in situ. Furthermore, they should measure continously and in

real time. There exist today several techniques, based on optical

absorption, which fulfil these requirements to some extent; they all

have drawbacks, however. I will shortly describe advantages and

disadvantages1 of some of these techniques: FTIR (Fourier Transform

Infrared Spectroscopy), DOAS (Differential Optical Absorption

Spectroscopy), TDLAS (Tunable Diode Laser Absorption

Spectroscopy), DIAL (Differential Absorption LIDAR) and LIF (Laser

Induced Fluorescence).

FTIR + can simultaneously measure a large number of gases

+ able to measure and identify relatively complex

molecules

interference, particularly carbon dioxide and water

demanding when it comes to operational skills and

computational analysis

The basic spectrometer is available commercially but

requires adaptation for atmospheric measurements.

DOAS + simple to operate

+ a number of gases can be measured simultaneously

+ good sensitivity when making long path

measurements

interference fr̂ m other gases

Commercial instruments are available.



TDLAS + high spectral resolution

+ high sensitivity with the aid of multireflection cells

can only measure one gas at the time

relatively expensive

Commercial instruments are available.

DIAL + able to provide spatial information in the direction

of the light beam

+ good sensitivity In the visible and near UV region

(some molecules absorb light in this region)

low sensitivity in IR region (many molecules absorb

light in this region)

can only measure one gas at the time

complexity of both hardware and software

needed to analyze the data.

relatively expensive

No commercial instruments are available.

LIF + high sensitivity

+ good time resolution

can only measure one gas at the time

different excitation mechanisms must be used for

each species to be measured

relatively complex and requires the highest degree

of operator skills

No commercial instruments are available.

This research work has been triggered by the necessity, arosen In

later years, to measure ammonia exhausts2 in energy production,

fertilizer production and agriculture activities. If these



measurements are to be done remotely, in situ and continously.

DOAS appears to be a very attractive technique. There is a potential

problem, however: there could be interfering compounds, nitrogen

monoxide and sulphur dioxide, in the spectral range of interest.

In this thesis I have investigated the advantages that can be obtained

by combining the DOAS technique with the Fourier transform

technique (this is readily realizable today thanks to modern

electronics):

• sensitivity is shown to be adequate in two important

cases, sulphur dioxide (paper I) and ammonia (paper II)

• interference robustness is shown to be excellent when

measuring small amounts of ammonia in the precense of

large amounts of sulphur dioxide (paper II)

• the same advantages appear when measuring nitrogen

monoxide and nitrogen dioxide (paper III)

• it is possible to measure and separate different gases

from each other in the same wavelength region, as long

as their Fourier transform exhibit characteristic

differences in wavenumber (paper II and paper IV)

In all these cases, the method exhibits good sensitivity, good

separation ability, good accuracy and good robustness against

wavelength displacements in the spectrum obtained.



The Fourier transform part of this measuring method is well

described in papers I-IV; the DOAS part is not. To ease the burden of

those readers not familiar with the DOAS technique I will briefly

describe it in the following chapter.



The differential optical absorption technique

In Differential Optical Absorption Spectroscopy (DOAS), see fig. 1.

the concentration c of the gas to be measured (trace gas) is given by

Lambert- Beer's Law:

log(T)/cfb = f—") (1)

where IB = light intensity without trace gas absorption

I = light intensity with trace gas absorption

a = differential absorption cross section3 of the

trace gas

b = lenght of absorption light path

ADIFF= Differential absorbance of the trace gas

X107

280

Fig. 1.

285 290 295 300 305

Wavelength [nm]

310 315

Light intensity, IB = Io • exp(c • b • a), with trace gas

absorption (—); Ligth intensity, I = Io • exp(co • b • oco),

without trace gas absorption (---).
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A differential absorbtion spectrrm usuallly contains a wideband

feature caused by small spectral variations in the lamp output,

wavelength dependent mirror reflections and/or atmospheric

scattering. These variations are much wider in wavelength than the

narrow differential absorption features and can therefore be removed

by first least-squares fitting of a polynomial3 Ip (first to fifth order) to

the differential absorption spectrum (fig. 2). and then dividing the

same differential absorption spectrum with this polynomial (fig. 3).

Eq. 1 can now be written as:

_ ADIFF - log(Ip)t _ ADQAS,
~ l a»b ' " l cfb ' (2)

where Ip - polynomial (first to fifth order)

ADOAS= DOAS absorbance

1.164

1.154
295 300

Wavelength [nm]

305 310

Fig. 2. Differential light intensity (—); Third order polynomial

(—). The periodic variations apparent here can not be

seen in Fig. 1, due to the high light intensity.



1.002

0.997.

Fig. 3.

300

Wavelength [nm]

DOAS intensity.

In practical applications, the trace gas concentration is evaluated by

least-squares fitting of a reference spectrum, see eq. 3 and 4, to the

measured DOAS absorbance. This reference spectrum aref is created

in a laboratory by measuring the DOAS absorbance with a known

concentration of the curren trace gas.

(3)

(4)

a _ i ADQAS
cknown * b

where A'DOAS DOAS absorbance at a known

concentration

the measured concentration
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Few exceptions are found to the generalization that absorbance is

linearly related to pathlength. On the other hand, deviations from

direct proportionality between the measured absorbance and-

concentration when the pathlength is constant are frequently

encountered, especially at high concentrations and at large

temperature variations2.

Summary of Papers

Paper one describes why we can use Fourier transformation

combined with differential optical absorption technique to calculate

trace gas concentrations. It also describes some techniques used

together with Fourier transform to avoid spectral leakage associated

with finite observation intervals and how to increase the resolution in

the final magnitude spectrum.

The method is then applied to the measurement of sulphur dioxide.

A calibration of the system is performed by least-squares fitting of a

straight line to the measured peak magnitude for seven different

concentrations of sulphur dioxide in the interval from 0 mg/m3 to

8.7808 mg/m3.

We have also investigated the influence of different windows and of

the Fourier transform size. Finally we studied how a wavelength shift

in the incoming absorption spectrum affects the result.

The conclusion of this paper is that Fourier transformation, applied

to a differential absorption spectrum, can be used to detect a very

weak absorption of sulphur dioxide at 290 to 310 nm and that the
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method has a good robustness against wavelength displacements in

the spectrum obtained. The conclusion above is valid for any

spectrum that is a sinusoidal function of wavelength.

Paper two describes a method to separate different trace gases in a

spectrum from each other by a combination of differential optical

absorption technique and Fourier transformation. The system is

calibrated to measure ammonia with interference from 156

ppm(volume) sulphur dioxide.

It is shown that this method can be used to detect a very weak

absorption of ammonia at 207 to 217 nm and to separate it from

interfering gases such as sulphur dioxide, even when the

concentration of the interfering gas is high.

The conclusion of this paper is that it should be possible to measure

and separate other gases if

• the absorption spectrum from each gas involved has a

periodic structure

• the periodic structures exhibit different frequencies

Papers three and four show that it is possible to detect ammonia,

sulphur dioxide, nitrogen monoxide and nitrogen dioxide with a

combination of differential optical absorption technique combined

with Fourier transformation.
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The conclusion of these papers is that the above mentioned method

can detect atmospheric pollutions by Fourier transformation of their

differential absorption spectra.

Conclusions

By combining differential optical absorption technique with Fourier

transformation we obtain a measuring method exhibiting high

sensitivity, good accuracy and good robustness against wavelength

displacements in the spectrum obtained. The method also separates

different gases in the absorption spectrum from each other in an

effective way.

The above mentioned features make this method attractive. The

ability to separate gases is especially rewarding; it means that we

need not know which gases are present when we start to measure.

The only prerequisite is that the gases involved absorb in the

wavelength range that is to be measured.

The method appears to be well suited for the detection of

atmospheric pollutions.

Further Research

The investigation done so far was limited to the linear region of

Lambert-Beer's Law. Future work will
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investigate if it is possible to use this method in the

nonlinear region of Lambert-Beer's Law

study the application of this method to other wavelength

regions and to other trace gases
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Measurement of Sulfur Dioxide nith the Differential
Optical Absorption Technique Combined nith
Fourier Transformation

L. AXELSSON* and A. LAI BKR
Drpartmtnt nf l'n ami M

The concentration nf sulfur dioxide has been measured in the ultra» iolrl
spectral range with a combination of the differential optical absorption
technique and Fourier transformation. Measurements have been made
with a palhlength of too meters and a measuring time of one minute.
Sulfur dioxide levels of less than 0.1 ppm (tolume) were assessed with
a measurement uncertain') of ' 0.03 ppm (toiume). This method alsi*
shows good robustness against displacements in the wavelength range
of the incoming absorption spectrum.

Index Headings: Differential optical absorption: Fourier transform, I \ -
Yis region: Sulfur dioxide.

INTRODUCTION

In differential optical absorption measurement meth-
ods for trace gas analysis in the ultraviolet and visible
spectral ranges, the concentration c is derived from the
spectrum by applying Lambert-Beer's law:

c = log(/,,//)/(L-«) (1)

where /„ is the light intensity without differential ab-
sorption; / is the light intensity due to trace gas absorp-
tion; ( is the differential absorption cross section of the
trace gas; and L is the length of the absorption light path.

In practical applications, the trace gas concentration
is calculated by least-squares fitting of a reference spec-
trum to the differential absorption spectrum.1 -

In this paper, advantage is taken of the fact that the
absorption spectrum for sulfur dioxide in the wavelength
range 290 nm to 310 nm is sinusoidal,1 in order to cal-
culate its concentration with Fourier transform analysis.
This method turns out to exhibit higher sensitivity and
better accuracy than the differential absorption method.

FOURIER TRANSFORM AND APODIZATION

Any waveform that is a sinusoidal function of time or
distance can be sampled unambiguously with the use of
a sampling frequency larger than or equal to twice the
bandwidth of the system. This is known as the Nyquist
criterion.4

Given any bounded Nth-order sequence z{n), the dis-
crete Fourier transform (DFT) is defined as:'

Zik) (2)

where n = (), 1 . . . N 1, N = length of sequence, k =
0, 1 . . . JV 1; and the magnitude spectrum is defined
as:4

Received 20 July 1992.
* Author to whom correspondence should be sent.

1832 Volume 46, Number 12. 1992

,v. i a i
If the periodic extension of ;in> is not commensurate
with its natural period, discontinuities appear at the
boundaries of the observation. The discontinuities are
responsible for spectral contributions over the entire ba-
sis set. In an effort to uvoid these spectral contributions.
^ln) is multiplied l>» >: window.

\ in ) - u In I zin ) 14)

where

n - 0,1 V I

u-(n) H0.54 • 0.46-cos(2-ir-n/.V)) I Hamming, Fig. 1)

cos(2 JT rj/.Vl) l H a n n i n g . F i g . • ) .

Windows are weighting functions applied to reduce
the spectral leakage associated with finite observation
intervals; the technique is called apodization. This is
done by reducing the order of the discontinuity at the
boundary of the periodic extension. Thus windowed data
are smoothly brought to zero or near to zero at the bound-
aries. One disadvantage is that the spectral resolution
An is increased:

A<r -= k-IJS (5)

where N is the length of the sequence; k is the window-
dependent constant = 1.81 (Hamming) and 2.65 (Han-
ning); and /, is the sample frequency. One way to reduce
the spectral resolution, (Air) is to add zeros to the data
sequence after apodization and before Fourier transfor-
mation.' Equation 5 then becomes:

A-r = vf.HN • N,) (6)

• «""•*>»

0 8

06

0 4

0.2

n\ ̂ / ,_ ._ . . _̂_ __^ ^ -
600100 200

Kiii. 1 Hamming I

I.'. Sn, ,r(v fur Appl ini >

WO 400 500

Number

) and Hannin^ (— \ window.
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Km. 1. Absorption spectrum in the wavelength range 2S0 nm tu IVJO
nm.

_ I 5i

£ 05i

s

I °
. 05

i 300 305

|nm|

315

Fir.. 4. Differential absorption spectrum multiplied with a f>I2-point
Hanninn window.

where ;V4 = number of zeros added. This method can be
used if the resolution is insufficient.

MEASUREMENTS

An Opsis setup was used,8 consisting of a central unit
(spectrometer and microcomputer), a receiver, and a
transmitter with a xenon lamp. Between the transmitter
and the receiver, a two-meter-long tube was placed as a
measuring chamber. The light from the receiver was sent
over a fiber-optic cable to the central unit for further
treatment. Spectra were acquired by adding a known

2

1.5

I

0 5

O-

-OJ-

-I

-15

•fer 295 300 305 310

Wavelength (nm|

sulfur dioxide concentration to the ambient air in the
measuring chamber. An absorption pathlength of two
meters and an averaging time of one minute were used.

Seven different concentrations, from 0 mg/m1 to 8.7808
mg/m1, were measured. For each concentration, nine
measurements were made and the magnitude spectrum
was calculated for four different Fourier transforms:

In the wavelength region from 293 to 303 nm, a 256-
point DFT and a 1024-point DFT (extended with zeros
from 256-points to 1024-points).

In the wavelength region from 293 to 303 nm, a 512-
point DFT and a 1024-point DFT (extended with zeros
from 512-points to 1024-points).

Two different windows, Hanning and Hamming, were
used. All measurements were done at a temperature of
20°C ana a pressure of 1 atm. All calculations are nor-
malized to standard temperature and pressure (i.e., 0°C
and one atm) by using the equation of state for an ideal
gas.

PROCESSING OF THE ABSORPTION SPECTRA

The measured absorption spectrum (Fig. 2) consists
of several snapshots of the air between the transmitter
and the receiver, 10 milliseconds long and occurring ap-
proximately every tenth millisecond (i.e., a quasi con
tinuum). This minimizes noise in the spectrum due to

6

4

_ 2
|

£ o

" 2

-4

•fir 290 310 315295 300 305
Wavtkngiti |nm|

Fid. 3. Differential absorption spectrum in the wavelength range 290
run to 310 nm. Top: c - 8.7808 mg/m' (high concentration), bottom: c

O.lT.Sfi mg/m' (low concentration).

200 400 MO

Ixngdi

1000

Fid. r>. Differential absorption spectrum multiplied with a 512
Hanning window and zeros added to 1024.

1200

point

APPLIED SPECTROSCOPY 1833
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05 I IS 2 2 5

Wivcmin*tr[l/nm|

_]
3.5

» 1 0 ^

E i

0.5

0 5 1.5

Wi

2
Il/nml

35

FK;. 8. Fourier transformation of the differential absorption spec-
trum. Top: r - H.78O8 mg/m' (high concentration), bottom: c = 0.1756
nig/m' (low concentration).

atmospheric turbulence.*' The distance between each
sample of the measured spectrum is 0.04 nm, which means
that the sample frequency f, is 25 [nm] '.

After the measured spectrum / is divided with the
reference spectrum /„ (see Eq. 1) a polynomial (third
order) is least-squares fitted to the differential spectrum.
When one is dividing the spectrum with the polynomial
all broad-band influences in the atmosphere, both the
absorption type and scattering type, are eliminated.1 The
resulting differential absorption spectrum /« is shown in
Fig. 3 for two sulfur dioxide concentration values.

• : - [ .5 i u s ii » 5 i i . s :

Dwp lai'cnKM Inm)

Fit. 7. Error of the magnitude as a function of a shift in wavelength,
r -= 8.7808 mg/m' I ); c = 0.3512 mg/m' I ): c = 0.1756 mg/m'

We now have a discrete sinusoidal function of distance,
z(n):

z{n) = c tin) = log(/Ä(n))/L (7)

where n = 0, 1 , . . . N - 1; c = concentration; tin) =
differential absorption cross section; IK{n) = // /o , the
resulting differential absorption spectrum; and L = length
of the absorption light path.

If we put z(n) into Eq. 4 (Figs. 4 and 5), perform DFT
(Eq. 2 and Eq. 3), and plot the resulting magnitude spec-
trum, we find that sulfur dioxide exhibits one charac-
teristic peak at <r = 0.5127 [1/nm] (Fig. 6).

We can now relate the magnitude of the peak at this
wavenumber to the seven different concentrations by
estimating a straight line through these points by least-
squares fitting (see Eq. 10). The magnitude for each con-
centration and the equation for the straight line are shown
in Table I.

We have also investigated the influence of a shift in
wavelength on the magnitude of the peak at a = 0.5127
(1/nm). This is done by shifting the start of the differ-
ential absorption spectrum by - 2 nm to 2 nm in steps
of 0.2 nm.

The result of these tests shows that, down to a con-
centration of 0.3512 mg/m3, this method is very robust
against small displacements in wavelength of the incom-
ing absorption spectrum (Fig. 7).

TABLE I. Magnitude of Ibe absorption peak and equation of the straight line relating magnitude to sulfur dioxide concentration for fi'e different
signal handling combinations. The straight line is given by y = Ax + m. where y - measured »aloe |nm'" ro ' ] , x concentration |mg/nr'|, A = slope
of line, and m = intercept of line.

Window

Wavenumber

DFT
i

0°C, 1 atm
8.7808
.1.512.)
1.7562
0.8781
0.3512
0.1756
0
Straight line

v - A x i m

n •= 0.488.1
|l/nm]

256
y

1 10 '1
6.6577
2.7196
1.4070
0.7506
0.3568
0.2255
0.0943

A - 0.748
m 0.094

Hamming

n - 0.4883
(1/nm]

512
V

1 l O ' l
7.3918
3.0179
1.5600
0.8310
0.3936
0.2478
0.1020

A -- 0.830
m = 0.102

a =- 0.5127
[l/nm|

256 to 1024
>•

1 I 0 » |
3.4917
1.4281
0.7384
0.3935
0.1866
0.1177
0.0487

A = 0.393
m = 0.049

IT = 0.5127
(l/nm|

512 to 1024
y

[ 10']
5.8533
2.3977
1.2458
0.6699
0.3243
0.2091
0.0939

A = 0.656
m = 0.094

Manning

<i - 0.5127
|l /nm|

512 to 1024
y

[•10'1
5.6162
2.2936
1.1861
0.6323
0.3000
0.1893
0.0786

A = 0.631
m = 0.079

1834 Volume 46. Number 12,1992
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I ABI.K II. Estimated detialion of the measured »»lurs (rom a straight line tit. The leail-squares technique hts the line to the measured tallies so
that the mean talue (Kq. 8) is zero.

Window

Wavenumber

1>KT
Mean value
Standard deviation

.1 0.48»:t
[l/nm|

25fi
1)

0IKM4
[HI 1

.. - o.4t»:<
[l/nm|

5t2
0
O.O72B

| 10 ' |

Hamming

n -- 11.5127
ll/nmj

256 to 1024
0
0.0348
MO '1

rr = 0.5127
[l/nm|

512 to 1024
0
0.0543
1 10 '1

Hanning

o -= 0.5127
[l/nml

512 to 1024
0
0.0518
N0J!

RESULTS AND DISCUSSION

If we subtract the straight line from the measured
values, we can estimate the deviation from the straight
line by calculating the mean value (Eq. 8) and standard
deviation (Eq. 9). The results oi these calculations are
shown in Table II.

(8)

Me) = - 2)) 2J (e, (9)

where M = 63 is the number of measurements: e, =
measured values in nm"2 m '; and v, = values in
n m ' - m ' estimated by the straight line.

From the equation for the straight line we know that
our concentration is given by:

x = (y - m)/A (10)

where >• = measured value in nm"- m '; x = concentra-
tion in mg/m1; A = slope of line; and m = intercept of
line.

If we put our standard deviation in Eq. 10 instead of
y, we get the deviation from the straight line in mg/m1.
From this we find that we get the best result by multi-
plying our differential absorption spectrum with a Han-
ning window and using an extended DFT (512p to 1024p).
This means that the wavenumber resolution, Eq. 6, is
affecting the result, and that a further extension of the
DFT might give a better result.

rr |mg/m3l

Fl«. 8. Opsis measurement with concentration-dependent offset (sep
text). Krror rM r r as function of r, where rM is the mp;in value of
the measured concentrations and r, is the true concentration.

From the discussion above, using the Hanning win-
dow/extended DFT combination and the straight-line
algorithm (Eq. 10), <ve find that our measured values
have a standard deviation of 0.082 mg/m' [0.03
ppm(volume)], which means that we can detect sulfur
dioxide down to at least 0. IT mg/m' or 0.06 ppm (volume)
at the 95r

( confidence level at a pathlength of two me-
ters. If we extend our pathlength to 500 meters2 we can
detect 0.68 ng/nr' or 0.24 ppb (volume), with a measuring
time of one minute. Other sources of errors, such as at-
mospheric turbulence and broad-band influences in the
atmosphere, have been eliminated by the processing of
absorption spectra. The remaining errors are therefore
negligible in comparison to the measured standard de-
viation.

In parallel with the measurements presented above,
the Opsis equipment was measuring at the same con-
centrations with a standard deviation of 0.1 mg/m' and
with a concentration-dependent offset in the measured
values (Fig. 8). This concentration-dependent offset con-
sists of a constant part and a linear part and can be
eliminated by least-squares fitting of a straight line. Ac-
cording to Ref. 6, the Opsis equipment has a detection
limit for sulfur dioxide of the order of one Mg/m11 over a
measuring pati. of 500 meters, which means that the
combination of the differential optical absorption tech-
nique and Fourier transformation gives lower standard
deviation and lower detection limit. But the main ad-
vantage with this method is the fact that the Fourier
transform separates interfering compounds from each
other—the absorption peaks occur at different wave-
numbers for different compounds.3 In the traditional dif-
ferential optical absorption technique, interfering com-
pounds are a major source of error.

CONCLUSION

The experimental investigations discussed in this pa-
per demonstrate that Fourier transformation, applied on
a differential absorption spectrum, can be used to detect
a very weak absorption spectrum of sulfur dioxide at 290
to 310 nm and that it has a good robustness against
wavelength displacements in the spectrum obtained. Ap-
plications of this method to other wavelength regions
and with interference from other compounds are the sub-
ject of a future study.
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Measurement of Ammonia with Differential Optical

Absorption Technique Combined with Fourier Transform.

L. Axelsson.

Linköping University, Institute of Technology, Department of Physics

and measurement, S-58183 Linköping Sweden.

Abstract

By using differential optical absorption technique combined with

Fourier transformation we achieve a good separation of ammonia

from sulfur dioxide in the wavelength range 207 nm to 217 nm.

Measurements shows that with a pathlength of two decimeters and a

measuring time of one minute we can measure less than 1.32 mg/m3

[1.9 ppm(volume)] of ammonia with a standard deviation of 0.46

mg/m3 [0.66 ppm(volume)) with interference from 408.73 mg/m3

[156 ppm(volume)] sulfur dioxide.

Index Heading : Differential optical absorption, Fourier transform,

UV-VIS region. Sulfur dioxide, Ammonia.
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1. Introduction

One major problem when measuring ammonia in stack gases is that

there also exist a large amount of sulfur dioxide1. Since sulfur dioxide

and ammonia have overlapping absorption spectra in the wavelength

range 207 nm to 217 nm, there are problems to measure small

amounts of ammonia in presence of a large amount of sulfur dioxide.

In this paper, advantage is taken of the fact that the absorption

spectra of both ammonia and sulfur dioxide are of periodic structure

with different periodicity; hence ammonia can be separated from

sulfur dioxide with Fourier transform analysis.

This method turns out to exhibit high sensitivity and good accuracy

when measuring ammonia In presence of a large amounts of sulfur

dioxide.

Measurements

An Opsls setup was used2; between the transmitter and the receiver

a two decimeter long tube was placed as a measuring chamber.

Spectra were acquired in two steps: first by adding a known

ammonia concentration to the synthetic air in the measuring

chamber, then by adding a known ammonia concentration to 408.73

mg/m3 [156 ppm(volume)J sulfur dioxide in the measuring chamber.

An absorption pathlength of two decimeters and an averaging time of

one minute were used.

Seven different concentrations of ammonia in synthetic air , from

1.32 mg/m3 [1.9 ppm(volume)] to 22.89 mg/m3 [32.9 ppm(volume)l

and five different concentrations of ammonia in sulfur dioxide, from
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1.32 mg/m3 [1.9 ppm(volume)j to 12.78 mg/m3 [18.3 ppm(volume)l,

were measured. For each concentration nine measurements were

made. All measurements were done at a temperature of 25 °C and a

pressure of 1 atm.

3. Processing of the absorption spectra

When performing differential optical absorption measurements for

trace gas analysis in the ultraviolet and visible spectral ranges , the

concentration c is derived from the spectrum by applying Lambert-

Beer's law :

I/Io = exp(- c • b • a) (1)

where Io

I

a

light intensity without trace gas absorption

light intensity with trace gas absorption

differential absorption cross section of the

trace gas

lenght of absorption light path

A polynomial (third order) is least-squares fitted to the differential

spectrum, obtained by dividing the measured absorption spectrum2 I

with the reference spectrum Io (see Eq. 1). When dividing the

spectrum with the polynomial all broadband influences in the

atmosphere, both absorption type and scattering type, are

eliminated3. The resulting differential absorption spectra IR are

shown in Fig. 1 and Fig. 2.
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We now have two discrete, 256-points. sinusoidal functions of

wavelength. Since they have different periodicity we can separate

them with Fourier transform analysis. Before the Fourier

transformation IR is multiplied with a hanning window4 to reduce

the spectral leakage associated with finite observation intervals and

extended with zeros from 256-points to 512-points to increase the

spectral resolution, (reduce ACT), see4, Fig. 3. The result of the

Fourier transformation is shown in Fig. 4 and Fig. 5. We can see that

ammonia has one characteristic peak at oa = 0.293 [1/nm] and sulfur

dioxide at CTS = 0.684 (1/nm).

We can now relate the magnitude of the peak at aa to the seven

different concentrations of ammonia added to synthetic air and to

the five different concentrations of ammonia added to sulfur dioxide

by estimating a straight line through these points by least-squares

fitting.

x = (y - m)/A (2)

where y

x

A

m

measured value in nm1/2 • nr1

concentration in mg/m3

slope of line

intercept of line

The measured value unit is in nm1 /2 • nr1 due to the Fourier

transformation.

The magnitude for each concentration and the equation for the

straight line are shown in Table I and Fig. 6.
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4. Results and Discussion

If we subtract the straight line (Fig. 6) from the measured values, we

can estimate the deviation from the straight line by calculating its

mean value (Eq. 3) and standard deviation (Eq. 4).

= U/M) • iLyi- Zi (3)

s(y) = (4)

where M the total number of measurements

measured values in nm1/2 • nr1

values in nm1/2 • nr1 estimated from the

straight line

The results of these calculations are shown in Table II.

From the equation for the straight line we know that our

concentration is given by Eq. 2.

If we put our standard deviation in Eq. 2 instead of y, we get the

standard deviation from the straight line in mg/m3.

From the discussion above we find that our measured values have a

standard deviation of 0.254 mg/m3 10.365 ppm(volume)] for

ammonia In synthetic air and 0,460 mg/m3 [0.660 ppm(volume)] for

ammonia In 408,73 mg/m3 [156 ppm(volume)l sulfur dioxide (see

Table II). Our measurements show that we can detect ammonia both

in air and in 156 ppm(volume) sulfur dioxide to at least 1.32 mg/m3
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or 1.9 ppm(volume) with a pathlength of two decimeters, since the

difference between signal and noise mean exceeds the standard

deviation by more than a factor of three in both cases (see Table I).

From Fig. 6 we can see that the slope and the intercept of the two

straight lines differ. This is a minor problem since we can calibrate

the system with different concentrations of sulfur dioxide.

If sulfur dioxide is to be measured, this can also be done in the

wavelength range 290 nm to 310 nm where sulfur dioxide exhibits a

strong absorption and where there is no interference from ammonia.

The signal handling technique described here makes the measuring

process robust against most error sources, e.g. atmospheric

turbulence. The remaining errors can therefore be concidered

negligible in comparison to the measured standard deviation.

Conclusion

The experimental investigations discussed in this paper demonstrate

that the Fourier transform, applied to a differential absorption

spectrum, can be used to detect a very weak absorption spectrum of

ammonia at 207 to 217 nm and to separate it from interfering gases

such as sulfur dioxide. The detection level is less than 1.32 mg/m3

[1.9 ppm(volume)] in 408.73 mg/m3 [156 ppm(volume)] sulfur

dioxide.
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Subjects of future studies will be

• applications of this method to other wavelength regions

• to investigate whether it is possible to have stronger

interference from sulfur dioxide when measuring

ammonia
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Table I. Magnitude of the absorption peak, at wavenumber

o=0.293 [1/nm], and equation of the straight line relating

peak magnitude to ammonia concentration in synthetic

air and in 408.73 mg/m3 (156 ppm(volume)] sulfur

dioxide. The straight line is given by y=Ax+m, where

y=measured value [nm1/2 • nr1]. x=concentration

[mg/m3), A=slope of line and m=intercept of line.

Added concentration

of ammonia

X

25 °C, 1 atm

22.89

18.80

13.39

12.78

9.05

6.51

3.29

2.64

1.32

Mean value and

standard deviation of

the noise level when

no ammonia Is added

Straight line

y = A»x + m

Ammonia in synthetic

air

Ya

[•10-3]

58.032

47.539

33.660

_____

22.526

7.748

6.081

2.694

Mean: 1.048 • 1 0 3

std: 0.574 • 10-3

A = 2.566 • lO-3

m = - 0.692 • 10-3

Ammonia in 156 ppm

sulfur dioxide

ys

[•10-31

. . . . .

33.448

. . . . .

21.004

14.614

13.324

10.704

Mean: 9.643 • 10 3

std: 0.343 • 10 3

A= 1.985» lO-3

m = 8.084 • 10-3
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Table II. Estimated deviation of the measured values from a

straight line fit. The least-squares technique fits the line

to the measured values so that the mean value (eq. 3) is

zero over all the points along the line.

Discrete Fourier

Transform (extended

with zeros from 256-

points to 512-points)

Mean value

Standard deviation

(numeric)

Standard deviation

[mg/m3]

Standard deviation

ppm(volume)

Ammonia in synthetic

air

0

0.651 • l O 3

0.254

0.365

Ammonia in 156

ppm(volume)

sulfur dioxide

0

0.552 • 10-3

0.460

0.660
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xlO-3

o

206

208 210 212 214 216

Wavelength [nm]

218

216 218

Fig. 1.

210 212 214
Wavelength [nm]

Differential absorption spectra of ammonia in the

wavelength range 207 nm to 217 nm. Top: c = 22.89

m g / m 3 (32.9 ppm(volume)] (high cone), bottom: c = 1.32

m g / m 3 (1,9 ppm(volume)] (low cone).
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0.15

0.15

f

-0.05 -

Fig. 2.

208

210 212 214

Wavelength [nm]

216210 212 214

Wavelength [nm]

Differential absorption spectra In the wavelength range

207 nm to 217 nm. Top: 408.73 mg/m3 [156 ppm

(volume)] sulfur dioxide, bottom: 12.78 mg/m3 [18.3

ppm(volume)] of ammonia In 408.73 mg/m3 [156

ppm(volume)] of sulfur dioxide.

218
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0.03

-0.03

Fig. 3.

300 400
Number of points

Differential absorption spectrum of ammonia, 22.89

m g / m 3 (32.9 ppm(volume)], in the wavelength range 207

to 217 nm, multiplied by a 256-point hanning window

and zeros added to 512 points.
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xlO-3

0.5

1.5 2 2.5
Wavenumber [1/nm]

3.5

1.5 2 2.5

Wavenumber [ 1/nm]

3.5

Fig. 4 Fourier transform of the differential absorption spectrum

of ammonia In the wavelength range 207 nm to 217 nm.

Top: c = 22.89 mg/m3 [32.9 ppm(volume)] (high

concentration), bottom: c = 1.32 mg/m3 (1.9 ppm

(volume)] (low concentration).
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0.25

0

Fig. 5.

0.5 1.5 2 2.5

Wavenumber[l/nm]

0.5 1.5 2 2.5

Wavenumber [1/nm]

3.5

3.5

Fourier transform of the differential absorption spectrum

In the wavelength range 207 nm to 217 nm. Top: 408.73

mg/m3 (156 ppm(volume)] sulfur dioxide, bottom: 12.78

mg/m 3 [18.3 ppm(volume)J of ammonia In 408.73 mg/m3

[156 ppm(volume)] sulfur dioxide.
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Fig. 6.

5 10 15
Concentration [mg/cubic meter]

20 25

Straight line approximation. Ammonia in synthetic air

( ); Ammonia in 408.73 mg/m3 [156 ppm(volume)]

sulfur dioxide (—).
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Measurement of Atmospheric Pollutions with Differential Optical
Absorption Technique Combined with Fourier Transform.

L. Axelsson.

Linköping University, Institute of Technology, Department of Physics and measurement,
S-58183 Linköping Sweden.

Abstract

In this paper, advantage is taken of the fact that the absorption spectra for ammonia, sulphur
dioxide, nitrogen monoxide and nitrogen dioxide in the ultraviolet and visible spectral ranges
are of periodic nature. Since any waveform that is a periodic function of time or distance can be
sampled unambiguously using a minimum sampling frequency dependent on the frequency
content of the periodic function, but always larger than or equal to twice the bandwidth of the
system (the Nyquist criterion), we can calculate its concentration with Fourier transform
analysis.

This method turns out to exhibit high sensitivity, good separation capacity, good accuracy and
good robustness against wavelength displacements in the spectrum obtained.

Index Heading : Differential optical absorption, Fourier transform, Atmospheric pollutions,
UV-VIS region.
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1 . Introduction

Today there is a great need to find new monitoring techniques for environmental pollutions.
These techniques should be in situ, continuous and in real time.

This paper describes a new method for the evaluation of gas concentrations, starting from a
differential optical absorption spectrum.

This method uses the fact that all absorption spectra in the ultraviolet and the visible spectral
range are periodic functions of wavelength. Hence the gas concentration can be calculated with
Fourier transform analysis.

2. System Description

The measuring system is an Opsis [1] setup (Fig. 1). Between the transmitter and the receiver,
a two decimeter long tube is placed as measuring chamber.

Receiver. Transmitter.

! Measuring chamber.

Optical fiber.

Spectrophotometer.

Computer.

Fig. 1 Measuring system.

The absorption spectra are treated in the same way as in the DO AS technique [1]. Hence we
obtain a differential absorption spectrum where the wavelength dependence of the lamp, other
optical components in the system and all broadband influences in the atmospere, both scattering
and absorption, are eliminated.

The concentration is obtained as

= logdo/I)/(L»a) (1)

where Io is the light intensity without trace gas absorption; I is the light intensity due to trace
gas absorption; a is the differential absorption cross section of the trace gas; L is the lenght of
the absorption light path.

It is well known [2] that any waveform that is a periodic function of distance can be sampled
unambiguously using a minimum sampling frequency dependent on the frequency content of
the periodic function, but always larger than or equal to twice the bandwidth of the system.
Since the sampling frequency in this system is 25 [1/nm] and the variation, due to absorption,
in the differential absorption spectra is of the order of 0.5 [1/nm] this criterion is fulfilled. The
differential absorption spectrum (Fig. 2) is now multiplied with a window [3], w(n), to reduce
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the spectral leakage associated with finite observation intervals. The final differential absorption
spectrum

= ID * w(n) where (2)

ID = c • a(n) = log(Io(n)/I(n))/(L) (3)

is shown in figure 3.

Here n is 0 ,1 , ...N-l; N is the number of sampling points in the wavelength domain; c is the
concentration; <x(n) is the sampled differential absorption cross section value at sample point n;
10 is the sampled light intensity without trace gas absorption; I is the sampled light intensity
with trace gas absorption; L is the lenght of the absorption light path.

XlO-3

Fig. 2

426 428 430

Wavelength [run]

Differential absorption spectrum of nitrogen dioxide in the wavelength range
423 to 433 nm.
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xlO-3

424 426 428 430

Wavelength [nm]

432 434

Fig. 3 Differential absorption spectrum of nitrogen dioxide in the wavelength range
223 to 233 nm multiplied with a 256-point Hanning window.

If we now perform a discrete Fourier transformation [3] of IDW (Eq- 4) and calculate the
amplitude spectrum (Eq. 5) obtain the variation of ID with wavenumber and we can relate, for a
specific substance, the amplitude A(k) of the characteristic peaks to the concentration of the
substance (Fig. 4).

S
n=0

(4)

where n is 0.1...N-1; N is the length of sequence; k is 0.1...N-1;

A(k) = (5)
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xlO-3

a

Fig. 4

1 2 3 4 5

Wavenumber [ 1/nm]

Fourier transform of the differential absorption spectrum of nitrogen dioxide
in the wavelength range 423 to 433 nm (Opeak (wavenumber) = 0.39 [1/nm]).

3 . Measurements

The measurements were done in four different wavelength regions, 423 - 433 nm for nitrogen
dioxide (Fig. 2), 207 - 217 nm for ammonia (Fig. 5), 211 - 221 nm for nitrogen monoxide
(Fig. 6) and 296 - 306 nm for sulphur dioxide (Fig. 1), with a measuring time of one minute.

-0.0

Fig. 5

210 212 214

Wavelength [nm]

216 218

Differential absorption spectrum of ammonia in the wavelength range
207 to 217 nm. No windowing at this stage.
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0.04

-0.0

Fig. 6

214 216 218

Wavelength [nm]

220 222

Differential absorption spectrum of nitrogen monoxide in the wavelength range
211 to 221 nm. No windowing at this stage.

xlO-3

298 300 302

Wavelength [nm]

304 306

Fig. 7 Differential absorption spectrum of sulphur dioxide in the wavelength range
296 to 306 nm. No windowing at this stage.

For each wavelength region the magnitude spectrum (Eq. 4) was calculated with a 256-point
discrete Fourier transform (Eq. 3). The results of these transformations are shown in figure 4,
8,9 and 10.
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1 2 3 4 5

Wavenumber [1/nm]

Fig. 8 Fourier transform of the differential absorption spectrum of ammonia
in the wavelength range 207 to 217 nm (Opeak (wavenumber) = 0.39 [1/nm]).
Notice that the Oneak value of ammonia and nitrogen dioxide is the same but they
are measured in different wavelength regions and will therefor not interfere with
each other.

Fig. 9

1 2 3 4 5

Wavenumber [1/nm]

Fourier transform of the differentia] absorption spectrum of nitrogen monoxide
in the wavelength range 211 to 221 nm (Cpeak (wavenumber) = 0.29 [1/nm]).
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I
!

xlO-3

0

Fig. 10

1 2 3 4 5

Wavenumber [1/nm]

Fourier transform of the differential absorption spectrum of sulphur dioxide
in the wavelength range 296 to 306 nm (Opeak (wavenumber) = 0.59 [1/nm]).

4. Results and Discussion

The measurements done in this paper demonstrate that we can use Fourier transformation,
applied to a differential absorption spectrum, to detect atmospheric pollutions in different
wavelength regions. It should also be possible to measure and separate different substances
from each other in the same wavelength region, as long as their Fourier transforms exhibit
characteristic differences in wavenumber. When separating different substances from each
other it can be necessery to extend the Fourier transform, which means that the resolution of
the Fourier transformed spectrum is improved [3].

When calibrating the system a straight line is adapted to the relation between the magnitude of
the peaks and the corresponding concentrations. This is done by least-squares fitting (Eq. 5)

(5)

where yi yfl = measured values; xi,...xn = known concentrations; a = intercept of line;
b = slope of line.
This can be done in the linear region of Lambert-Beer's Law; in the non-linear region a non-
linear function may be fitted instead.

Measurements of sulphur dioxide [3] have been done down to 0.18 mg/m3 with a measuring
time of one minute and a path length of two meters. These measurements also show that this
method has a good robustness against wavelength displacements in the spectrum obtained. In
the wavelength region 205 to 230 nm, where ammonia is measured, there is also absorption
from sulphur dioxide; this causes interference when measuring ammonia. With this method it is
possible to separate ammonia from sulphur dioxide, since their Fourier transformed amplitude
spectra are different.
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Abstract

In this paper, advantage is taken of the fact that the absorption spectra for several gases in the

ultraviolet and visible spectral ranges are of periodic nature. Since any waveform that is a

periodic function of time or distance can be sampled unambiguously using a minimum

sampling frequency dependent on the frequency content of the periodic function, but always

larger than or equal to twice the bandwidth of the system, the Nyquist criterion, we can

calculate the concentration and separate different gases from each other with Fourier transform

analysis.

This method turns out to exhibit high sensitivity, good separation capacity, good accuracy

and good robustness against wavelength displacements in the spectrum obtained.
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THE USE OF FOURIER TRANSFORM COMBINED WITH DIFFERENTIAL

OPTICAL ABSORPTION TECHNIQUE TO MEASURE ATMOSPHERIC

POLLUTIONS.

L. Axelsson.

Linköping University, Institute of Technology, Department of Physics and measurement,

S-58183 Linköping Sweden.

1 . Introduction

In differential optical absorption measurement methods for trace gas analysis in the ultraviolet

and visible spectral ranges [1], the concentration c is derived from the spectrum by applying

Lambert-Beer's law:

c » a = (ln(IO/I)-ln(Ip))/L (1)

where Io is the light intensity whitout differential absorption; I is the light intensity due to trace

gas absorption; Ip is a polynomial (first to fifth order) least-square fitted to ln(Io/I); a is the

differential absorption cross section of the trace gas; L is the lenght of absorption light path.

In practical applications the trace gas concentration is calculated by least-squares fitting of a

reference spectrum to the differential absorption spectrum [1].

In this paper, the fact that the absorption spectrum for several gases in the ultraviolet and

visible spectral ranges is of periodic nature is taken advantage of in order to separate and

measure ammonia, sulphur dioxide and nitrogen monoxide in the wavelength range 207 to

227.4 nm. Since any waveform that is a periodic function of time or distance can be sampled

unambiguously using a minimum sampling frequency dependent on the frequency content of

the periodic function, but always larger than or equal to twice the bandwidth of the system, the

Nyquist criterion, we can calculate its concentration with Fourier transform analysis. This

method turns out to exhibit high sensitivity, good separation capacity, good accuracy and good

robustness against wavelength displacements in the spectrum obtained [2].
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2 . Processing of the differential absorption spectra

The resulting differential absorption spectra c • a (Eq. 1) are shown in figure 1,2,3 and 4.

We can look upon these spectra as periodic functions of distance lR(n) in the wavelength

domain:

IR(n) = c«oc(n) (2)

where n is the sample point number; c is the concentration of the trace gas; cc(n) is the

differential absorption cross section of the trace gas at the sample point n.

The discrete Fourier transform (DFT) is defined as [3]:

N-l
Z(k) = I IR(n) • exp(-j • n • k • n/N)

n=0

where n is 0,1...N-l; N is the length of sequence; k is 0,1...N-l.

and the amplitude spectrum is defined as [3]:

(3)

A(k) = IZ(k)l/N (4)

Before applying the DFT to the differential absorption spectrum we have to make sure that

the discontinuities at the boundaries of the observation interval in the wavelength domain are

brought to zero or near to zero at the boundaries to avoid spectral contributions to the Fourier

transformed spectrum. This can be done by multiplying lR(n) with a window [4] (Fig. 5):

iRW(n) = lR(n) • w(n) (5)

where w(n) is a Hanning window.

The distance between each sample point of iRw(n) is 0.04 [nm], which means that the

sample frequency fs is 25 [nm]'1. We can now define the spectral resolution Aa as:

Ac = k • fs/N (6)

where k is a window-dependent constant, k(Hanning) = 2.65; N is the length of the Fourier

transformed sequence.
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From equation 6 we can see that the spectral resolution is dependent on the number of

samples in the Fourier transform. Since lR\y(n) is fixed, 512 samples in the interval 207 to

227.4 nm, the spectral resolution can only be increased by adding zeros to iRw(n) before

Fourier transformation [4] (Fig. 6):

N = Ni + N z (7)

where N is the total length of the Fourier transformed sequence; Ni is the length of lR\y(n); NZ

is the number of zeros added.

If iRW(n), extended with zeros from 512-points to 2048-points, is Fourier transformed (Fig.

7) we can see that ammonia, nitrogen monoxide and sulphur dioxide have peaks at different

wavenumbers. Figure 8 shows that a mix of the three involved gases can be separated and that

the peaks are at the same wavenumber positions as in Fig. 7.

3 . Results and discussion

To see if there is a linear relationship between the magnitude of the peaks and the

concentration of each component, nine different measurements were performed (Tab. 1). The

result of these measurements are shown in figure 9 to 11. From these figures we can see that

the relationship between concentration and amplitude of nitrogen monoxide (Fig. 10) and

sulphur dioxide (Fig. 11) is linear. Fig. 9 shows that ammonia will be affected by the varying

concentrations of nitrogen monoxide and sulphur dioxide (see Fig. 7) so that the relationship

between concentration and amplitude is no longer linear. The linearity is restored, however, if

the concentrations of nitrogen monoxide and sulphur dioxide are kept constant (see Fig. 12).

This problem complex will be elucidated in a coming article.

To calibrate the system we can, by least-squares fitting (Eq. 8), estimate a straigt line

relating the magnitude of the peaks to the corresponding concentrations.

(8)

where y\ yn = measured values; xi,...xn = known concentrations; a = intercept of line;

b = slope of line.
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The system has been calibrated for measurement of ammonia (Fig. 12) with interference

from a large amount of sulphur dioxide in the wavelength range 207 to 217 nm. From Fig. 12

we can see that the slope and the intercept of the two straight lines differ. This is a minor

problem since we can rearrange Eq. 8 to read

[yi.... yn] = [a b c d] •

1 .. . . 1
xi .. . . xn
Z2 ... . zn

Lxizi....xnznJ

(9)

where yi yn = measured values; xi,...xn = known ammonia concentrations; a = intercept of

line when no sulphur dioxide is present; b = slope of line when no sulphur dioxide is present;

zi,...zn = known sulphur dioxide concentrations; c = change in intercept of line when sulphur

dioxide is present; d = change in slope of line when sulphur dioxide is present;

4. Conclusion

By combining differential optical absorption technique with Fourier transformation we obtain

a measuring method exhibiting high sensitivity, good accuracy and and good robustness against

wavelength displacements in the spectrum obtained [2]. The method also separates different

gases in the absorption spectrum in an effictive way, provided that

• if the absorption spectrum from each gas involved has a periodic structure

* these periodic structure exhibit different characteristic frequencies
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Table 1. Concentrations of nine different measurements.

Measurement

1

2

3

4

5

6

7

8

9

Ammonia

[mg/m3]

34.75

20.24

88.52

55.04

18.30

42.83

29.78

25.35

22.11

Nitrogen

monoxide

[mg/m3]

49.12

24.39

88.86

70.40

19.89

58.63

42.39

35.72

29.20

Sulphur

dioxide

[mg/m3]

96.63

59.23

6.68

128.86

52.99

111.78

84.92

76.51

66.78
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Fig. 1.

215 220

Wavelength [nm]

Differential absorption spectrum of ammonia in the wavelength range 207 to

227.4 nm.

215 220

Wavelength [nm]

225 230

Fig. 2. Differential absorption spectrum of nitrogen monoxide in the wavelength range

207 to 227.4 nm.
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215 220
Wavelength [nm]

Fig. 3. Differential absorption spectrum of sulphur dioxide in the wavelength range 207

to 227.4 nm.

0.04

215 220
Wavelength [nm]

Fig. 4. Differential absorption spectrum of a mix of ammonia, nitrogen monoxide and

sulphur dioxide in the wavelength range 207 to 227.4 nm.
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215 220

Wavelength [nm]

225 230

Fig. 5. Differential absorption spectrum of nitrogen monoxide multiplied with a 512-

point Hanning window.

500 1000 1500

length of sequence

2000 2500

Fig. 6. Differential absorption spectrum of nitrogen monoxide multiplied with a 512-

point Hanning window and zeros added to 2048.
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0.12

Fig. 7.

0.2 0.4 0.6 0.8

Wavenumber [ 1/nm]

1.2 1.4

Fourier transform of the differential absorption spectrum in Fig. 1 to Fig. 3.

ammonia ( •); nitrogen monoxide (—) ; sulphur dioxide ( ). Amplitude as

a function of the wavenumber a.

0.02

0.2 0.4 0.6 0.8 1

Wavenumber [1/nm]

1.2 1.4

Fig. 8. Fourier transform of the differential absorption spectrum in Fig. 4. Amplitude as

a function of the wavenumber a.



G 0.045

1 0.01

! 0.005
10

Fig. 9.
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The relationship between the magnitude of the peak at a = 0.281 and the

concentration of ammonia
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Fig. 10.

Nitrogen monoxide
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The relationship between the magnitude of the peak at a = 0.171 and the

concentration of nitrogen monoxide.
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Sulphur dioxide

40 60 80 100

Concentration [mg/cubic meter]

120 140

The relationship between the magnitude of the peak at a = 0.635 and the

concentration of sulphur dioxide.

Fig. 12.

5 10 15

Concentration [mg/cubic meter]

20 25

Straight line approximation. Ammonia in synthetic air ( ); Ammonia in

408.73 mg/m3 [156 ppm(volume)] sulfur dioxide (---).


