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Abstract. A mobile CO, laser photoacoustic spectrometerradiation, which are both influenced by the amount of wa-
has been developed for the in-situ monitoring of atmospheriter vapor andCO, present in the gas sample. This is caused
trace gases in different environments. Numerous air polluby resonant energy transfer processes between vibrational en-
tants, such as ammonia, ethene, ozone and alcohols, candrgy levels of excited molecules, the most important being
monitored with a time resolution of a few minutes. A new fit- the energy transfer between the first mode of the asymmetric
ting algorithm based on the numerical method of Levenbergstretch vibration ofCO, and a nearby energy level of nitro-
Marquardt is discussed and applied to the derivation of indigen, the prevalent compound in ambient air.

vidual gas concentrations from measured photoacoustic sig- These effects were first described by Wood et al. [2] and
nal amplitudes and phases at selec@€d laser wavelengths. are referred to in literature as kinetic cooling effects, since
The algorithm has been tested with artificially generated multhey result in an initial cooling of the absorbing gas sample. In
ticomponent gas mixtures exhibiting gas concentrations in thprevious analyses of multicomponent air samples containing
ppb to ppm range. Furthermore, its potential is demonstratedater vapor an€O, we have used the in-phase part of the PA
with the analysis of an air sample from a fruit storage chamsignals in a weighted linear least squares fit of the measured
ber and with ambient air measurements during a field study iapectra [3]. Several difficulties are, however, imposed by this

a rural environment. approach: since only the in-phase part of the signal is used
for the analysis, half of the information entailed in the meas-
PACS: 82.80.Kq; 02.60.+y; 89.60.+x urement is lost in the calculations. In practice, an additional

phase offset resulting from the experiment can be superposed

to the theoretical photoacoustic phase. Since this parameter
In photoacoustic (PA) spectroscopy the radiation absorbecan vary with the measurement conditions it is difficult to
by gas molecules in an absorption cell is detected purelgetermine in advance. This problem has been accounted for
acoustically. Molecular energy transfer processes convert eby restricting the analysis to phase lagsnofn the case of
ergy stored in excited vibrational modes of the moleculeslominantCO, absorption and 06° in other situations and
into acoustic waves that can be detected with microphoneby determining the phase offset manually [4]. Particularly at
The CO;, laser is a suitable radiation source, since it prodargerCO, concentrations, which typically occur in polluted
vides powerful radiation in the wavelength range between @mbient air, the photoacoustic phase can, however, assume
and11pm in which numerous molecules exhibit characteris-values betweef®° andr. This is revealed by the examples of
tic strong absorption bands. By modulating the exciting lasemulticomponent analyses presented below.
beam at an acoustic resonance frequency of the absorption Rooth et al. [5] have added ammonia as a further compon-
cell a high sensitivity can be achieved that allows the detecent to the idealized atmosphere in Wood’s model and calcu-
tion of absorption coefficients as low 468 cm=1 [1]. This  lated the resonant PA signal amplitude and phase at selected
technique thus allows the monitoring of numerous organic€CO, laser wavelengths. They considered an atmosphere that,
and inorganic compounds at ppb concentrations. One prolesides oxygen and nitrogen, contained dd@y, water va-
lem associated with resonant PA spectroscop@@j laser por and ammonia, and they derived ambient ammonia con-
wavelengths concerns the amplitude of the detected acoustientrations during a field study in the Netherlands. We have
signal and its phase with respect to the modulated excitingxtended this model and developed a fitting algorithm with

the numerical method of Levenberg—Marquardt that derives
*Present address ARITRON INSTRUMENTE AG, CH-8127 Forch, Unknown gas concentrations not only for ammonia but simul-
Switzerland taneously for a number of trace components from the meas-
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ured resonant PA amplitude and phase spectrB#@t0,  where the coefficiens is defined as the ratio of the energy

laser wavelengths. of the excited state to the energy of the exciting photon, i.e.
B = hvgpr/hy, with vy = vgo1 — v100 for the 10-um branch
andv; = vgo1 — 2vo10 for the 9-um branch.

1 Theoretical model For the relaxation time dfl3, Wood et al. [2] assumed

results in equations for the PA signal amplitude and phase, — o T T )

at a givenCQO, laser frequency. Therefore we identify the

main components of our model atmosphere by the indiceghere r; denotes the relaxation time for the vibrational—

H=H,0, C=C0,, N=N; andO= O,. As an important translational energy exchange between the molecwad .

and substantial extension we include additional trace compdyata relevant for the calculation of the PA signal in our ideal-

nents in the analysis. These are all denoted by the inded  ized atmosphere are presented in Table 1. In resonant photo-

we use the Einstein sum convention for shorter notation, i.eacoustic spectroscopy the acoustic modes of the absorption

@iC =) ; @iCi. cell are excited by intensity-modulated laser radiation of the
In analogy to the method of Rooth et al. [5] we assumgorm

that no further resonant effects occur between energy levels _

of the additional components than those discussed by Woodt) = lo (1+€*") . (6)

et al. [2]. This approach is well justified from our experi- . o -

ence. The dependence of the enthakpyof a gas sample With the additional restriction > 7, (4) can be modified to

in the absorption cell is determined by the absorption ofV€

laser radiation by the individual components, by the energy o gt

transfer to and from vibrationally excited nitrogen and by N = Bac w

the heat loss of the gas sample at the walls of the absorp- dt 1+iwty

tion cell. For a gas sample of unit volume these process

We briefly review the model used by Rooth et al. [5] that 1 (C_H+ N Co) Cc  Cu , Co
TcH TcN  Tco

(7)

qﬁtroducing this term into (1) and solving féi(t), one finds

obey for the time development of the system’s enthalpy the real
dH dEy [ H(t) —H(0) part of
EZ(O‘HCH'F(XCCC'FOHQ)I(D_ e . .

s 8 H(t) =H(0) + lots[anCH +acCc +aic] (1—e V™)

IOTS

Here thexy denote the wavelength-dependent absorption co- + 1+iwts [aHCH actetaiG
efficient per unit length and normalized to concentration 1. Biwt _
The ¢, denote the dimensionless absolute concentration of —ac 7} (e'”’t—e*t/fs) . (8)
the compoundk and I(t) stands for the intensity of the ir- 1+iom

radiating radiation, i.e. the number of photons per unit aregy,q inquced ; ; ;

. A : pressure change in the gas sample is proportional
and per time multiplied by their energigy denotes the en- 4 16 change of its enthalpy, the relevant part being

ergy stored in vibrationally excited nitrogen molecules per

unit volume andzs the characteristic time for heat losses loTs Biwty ot
of the PA cell [6]. The small energy gap, known as FermiP(t) = Al . [OtHCH +aiCi +Otc0c<1— 17)} '
resonance [7], between ti&0,(100) and theCO,(020) vi- Tlots o
brational states of approximatefenm ! is small compared

1 . . .
to the thermal energy at room temperatur&®f 200 cni™. | holar coordinates we use the same notation as in [5]:
Thus thermal equilibrium of the populations of these states
can be assumed for further calculations. For similar reasongt) = Rel’e! | (10)

thermal equilibrium is assumed among the vibrationally ex-
cited nitrogen moleculed\g) and theCO,(001) mode and  with
among theO, mode and the, mode ofH,O. Finally the

v vibration modes ofCO, and H,O are assumed to be R= Ay/x2+y?2 (11)
in thermal equilibrium with the translational states of the
molecules.

The above assumptions are summarized as

- Table 1. Relaxation times for vibrational-translational energy exchange be-
Ecog(U3) ~ EN; s (2) tween the molecules and j, calculated from data presented by Rooth et
al. [5] and extrapolated to ambient atmospheric pressugsohPa

Ecosw) ~ Ecosay & Enyor ~ Eos 3)

: . Moleculesi, j 1 /patst i /sat p=950hPa
According to Wood et al. [2] the rate of change of the vi- : N/ i /satp
brational energy oN; at ambient atmospheric conditions is o, \, 0.902 1167x 106
given by COy, Oz 0.940 1120x 10°°

COz, H20 245.9 42.92x 107°
dEn ~ En(0)—En() N2, Ho0 1.283 82x10°6

. - + Baccel(t) , (4) Ny, Op 0.000306 34.36x 103




and
_ y
0= arctar‘(x) +6o. (12)
The cartesian components are
lots @i Ci +aHCH +acCc
= 13
N s 13)
WTN WTN
— —— | —+1
ﬂacccl—i—(a)m)z <a)ts + )}
and
0% yze| — (@i + aH + ) (14)
= —w — (¥ Gj (04 o
Py 1+ (02 s i Ci HCH cCc
WTN 1
+,301CCC71+ (@2 <Es +0)TN> :| .

The characteristic time; for heat losses of the gas sample
is given by [6]

1 1 1

_‘ET ‘EL’

Ts

(15)

whererr denotes the thermal relaxation time of the gas at thi
cell walls andz is the characteristic time for gas exchange
from the cell to adjacent volumina. In practiegis of the
order of 0.1 sto 1s For sufficiently high chopper frequen-
cies it can therefore be assumed thag > 1. This permits
the following simplifications

1
— =0 (16)
WTg
and
1+ (wte)® ~ (wTs)” (17)

Introduction of these terms into (13) and (14) finally yields
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Fig. 1. Photoacoustic signal amplitud® and phase at the main ethene
(CoH4) absorption line 10P(14) of thé2Cl®0, laser of a gas sam-
ple containing 100 ppb ethene and variableCO, and H,O concentra-

tions at atmospheric pressure. Data calculated for a modulation frequency

f = w/27 = 2860 Hz

signal amplitude decreases due to the kinetic cooling ef-
fect [2], passes a minimum &O, concentrations between
1000 and2000 ppmand finally increases whe@O, absorp-
tion becomes dominant. Close to the minimum of the signal

the expressions for the measured resonant photoacoustic aginplitude the signal phase rapidly changes and increases by

plitude R and phasé:

r_alo [(aiq + o CH + arcCe)?
w

1+ (wtn)?

2 2 1/2

+(wTN) [eiCi +ancH + (1— Bacec] (18)
14 (wtn)?
e 1 2
0= arctan(a' Gi + HCH + acCe [ + (o) } - a)tN) +6o.
BaccCc WIN

(19)

The proportionality factorA in (18) corresponds to the cell

180C. The phase depicted in Fig. 1 has been inverted for com-
parison with the ethen&€0O, and water vapor measurement
discussed further below. The inverse phase in the experiment
compared to the data calcutated with (20) is caused by the
detection electronics.

2 The Levenberg—Marquardt algorithm
2.1 Introduction

The Levenberg—Marquardtalgorithm is a standard method for

constant of the photoacoustic cell that is determined by calidetermining the parameters of nonlinear functions in least-
bration measurements. It depends on several parameters sstfuares problems. A brief summary of its main principles is
as the geometry of the photoacoustic cell, its quality factorgiven in the following. It is to our knowledge for the first time
the shape of the exciting laser beam and the pressure of thigat this algorithm is applied to determine gas concentrations
gas sample. Figure 1 illustrates the variations of the photdrom resonant photoacoustic measurements of multicompo-
acoustic amplitude and phase at the main ethene absorptiaent gas mixtures. This nonlinear approach takes also the

line 10P(14) in a gas sample containih@0 ppbethene and

guadratic dependence of the water vapor continuum absorp-

variableCO, and water vapor concentrations. At constant abtion on its concentration into account [8]. An extensive dis-

solute humidity and with increasin@O, concentration the

cussion of the algorithm’s features and guidance for its prac-
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tical implementation into computer programs can be found irand (20) and the parameters to be determined are the concen-
the literature [9, 10]. trations of the individual components of a gas mixture. The
index j represents the measurement at a specific laser line.
. . The known parameters are determined by the known ab-
2.2 Mathematical principles sorption coefficients of the individual components and further
_ . . own data such as the chopper frequency, the laser power,
In a least-squares regression problem with nonlinear modghe ajr pressure, the molecular relaxation times presented in

functions yj = vi(xj,@), i=1....n, j=1....m, of  Tape1 andthe energy ratio
known parameters; and unknown parameteis the set With the definitions
of parametera = {ac}, k=1, ..., p, should be determined .
which minimizes the merit function Xo = ﬁaccci'\' , ap=A,
14 (wN)2
2 VP v, @) ’ X1 = X —1( CH+ ), a1 =06

X(a)EZ< " ) . (20) 1= XowtN = —{XHCH acCe) , a1 =00,

T 1)

" X1 =—an(N=2,...,M), a=CGN=2....m),
Here y['*® denotes the experimentally determined value at (25)

Xj and Aj; denotes its standard deviation. At a minimum .
of x2(a), the gradient of2(a) is necessarily equal to zero. (18) and (19) can be rewritten as

Close to a minimum of the merit function?(a) can be ap- ) 2 1/2
proximated by a quadratic form. It is 2 s
R=yi(x, @) =a0 | g+ [ xa— Y _ax (26)
1 iz
x2(@)~y—d-a+-aDa (1) =2
2 and
with a suitable constant and a vectod of the dimensiorp. n+1
D indicates the Hessian matrix @f(a) with the elements X1 — Z ai X
0 =y(x,a) =arctan| — =2 | +a;. 27
@, 5 i[ayi(x,-,ao (. @) 209, 8) o : @)
0203y et Aﬁ 0a 0ay
j=1...m

The derivates of the two model functions are given by the

[y yix;, )] 32;4 ();J'v a)} . (22) Jacobian matrix
ak a'l ayl ayl e ayl DY
In order to simplify the calculations somewhat, the seconddy | dag da1 08y | 28)
derivativesin the last term of the above equation are neglecteglg — | ay2 dy2  9y2
in the following [9]. dap da;  dax oo o
From (21) the set of parametesis= {a}, k=1,..., p, -
which minimizesy?(a) can be calculated in a single step. It with
is given by - 21/2
-1 2 % N _ e
Amin = Acurrentt+ D [— Vx (acurrem)] ) (23) dag X+ | X Z &Xi ’
i=2
where the operatdv denotes the gradient. ay1
If the merit function is not sufficiently well approximated 9ay =Y,
by the quadratic form to determimag,, by (23) a better set of el
parametera can be derived iteratively by calculating , —agXk > aiX;
Y1 i=2
anext= Acurrent— CONSY x *(Bcurren) - (24)  Ba (29)

kzz_ n+1 Y2
XS+ <X1+ Z axi)
i=2

Thereby the constant in this equation must be sufficiently
small in order not to exceed the minimum of the merit func-
tion. Hence, by approximating the minimum gf(a) itera- and
tively and then using (23), a good approximation to the best  jy,
parameter sedmin can be obtained. P

dJdap
Wy
2.3 Application of the algorithm to resonant PA da;
measurements i1 -1
The application of the Levenberg—Marquardt algorithm to gy, Xk - Eza*x'
PA measurements requires the calculationy®fa) and its R, %o 1+ T . (30)

derivatives of the unknown parametexs For photoacoustic
measurements the model function&;, a) are given by (19)
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By introducing the above relations into (22) to (24), the meritcontrollers that can be operated individually or in a master—
function x?(a) can be minimized. The scaling factér as  slave mode. Two mass flow controllers with a full scale range
well as the phase offsép and the gas concentrations of the of 2 I/min, three with10 cn?/min, one with 100 cné/min,
individual components of the gas mixtures can then be deteone with 1 cn®/min for the reference gas nitrogen and fi-
mined with the Levenberg—Marquardt algorithm. nally one with a full-scale range af0 cn?/min for pure
CO, enabled us to dilute certified gases from bottles. These
contained the individual compounds either in pure form or

3 Experimental section diluted in synthetic air at concentrations 00 ppm Due
to its strong chemical reactivity, ozone was generated sep-
3.1 The mobile PA spectrometer arately from pure synthetic air with a calibrated generator

(Environics, model S100) and was consecutively added to
Our PA spectrometer has been designed for the monitorindgje gas mixture. The actual concentrations were calculated
of air pollutants at various measuring sites and is therefortsom the mixing ratios of the gases and compared to the pho-
installed in a mobile trailer. A commercially available line- toacoustically derived concentrations. Since water vapor and
tunable cwCO;, laser provides radiation at approximately CO, concentrations can easily be monitored with commer-
80 wavelengths between 9 ardd um. The laser beam is cial equipment, the concentrations of these two compounds
intensity-modulated by means of a mechanical chopper avere recorded in addition with a dew point mirror, a capac-
a frequency corresponding to the strongest acoustic resoftive humidity meter and an infrared absorption monitor for
ance of the PA absorption cell at approximat2860 Hzwith ~ CO, (LI-COR, model LI-6262). The latter device operated
a Q value of 168. The small resonance widthlGfHz re-  at the strongCO, absorption band at.26um and provided
quires accurate control of the resonance frequency. The celldetection limit of a fewppm CQ.
construction is based on the original design by Gerlach and
Amer [11], extended by two buffer volumes to further reduce
the noise induced by flowing gas when operated in the flow4 Results and discussion
through mode. It has a volume ©8 | and is usually operated
at flow rates between 0.5 artl/min. The acoustic signal First we present two examples from a number of artificially
generated by the absorption of the gas sample is recorded Qgnerated multicomponent gas mixtures with time-varying
two electret microphones and a lock-in amplifier. The sig-concentration profiles, followed by examples of an analysis of
nals are normalized with the laser power to account for powesampled air and a field study.
fluctuations in independent measurements. The system can
be operated fully automaticly and exhibits detection limits in
the ppb range for various compounds. A detailed technicat.1 Three-component mixture containing ethé@eHy),
description of the mobile spectrometer and of its calibration  water vapor andCO;
with gases of certified concentrations and known absorption
cross sections reported by various authors, can be found eldeigure 3 presents the analysis of a three-component mix-
where [4, 12]. ture with ethene, water vapor a@D,. The concentration of
CO, was increased stepwise frobmppmup to a final con-
centration 0f4000 ppmwhile the absolute humidity and the
3.2 Generation of multicomponent mixtures ethene concentrations were kept at constant levelk 3%
and100 pph respectively. Figure 3 shows the variation of the
Multicomponent mixtures containing water vapor ad@®,  photoacoustic signal amplitude and phase with time at three
at typical ambient concentrations have been generated Iaser transitions. The 10P(14) transition is characteristic for
order to test the fit algorithm. The experimental set-up forethene absorption and the 10R(20) transition for water vapor
the generation of these gas mixtures is plotted in Fig. 2. Thiéne absorption, while none of them show appreciable absorp-
commercial gas mixing unit (MKS, model 147C) consiststion at the 10P(12) transition. With increasi@g, concen-
of a computerized control unit and up to eight mass flowtration the signal amplitudes at the 10P(14) and the 10R(20)

—————————————————————————— b ; Fig. 2. Experimental set-up for the gener-
ation of calibrated gas mixtures. Certified
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signal amplitude [uV/W]

signal phase [°]

gas concentrations

- PA phase
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time [min]

* 10P(12) measurement
— 10P(12) fit

0 10P(14) measurement
—— 10P(14) fit

* 10R(20) measurement
— 10R(20) fit

* 10P(12) measurement
— 10P(12) fit

0 10P(14) measurement
— 10P(14) fit

* 10R(20) measurement
— 10R(20) fit

+  ethene [ppb]
—— setting

—— GGy [ppm]

—— absolute humidity [%]

case of Fig. 1, the minimum signal amplitude is passé€iat
concentrations slightly abovi®00 ppmsimultaneously with
arapid increase of the signal phase. The measured amplitudes
and phases are well approached by the Levenberg—Marquardt
algorithm. In addition to the plotted data measurements at
the 10P(16) and the 10P(20) laser lines have been performed.
In agreement with the Levenberg—Marquardt fit, these show
a similar time dependence as the depicted data. They have,
however, been omitted for clarity in Fig. 3. The resulting
ethene concentration was derived by fitting the signal am-
plitude and phase at all five laser lines with equal weights.
As the bottom part of Fig. 3 shows, the ethene concentration
remains at the expected valueldfO ppbaccording to the set-

ting of the gas mixing unit with slow variations on the order
of 25 ppb Variations can also be observed in the concentra-
tions of the other two compounds. They are caused by thermal
drifts of the mass flow controller zero points due to tempera-
ture fluctuations during the measurement. T@ andH,O
concentrations depicted in Fig. 3 have been obtained from
the LI-COR infrared absorption monitor and the dew point
mirror, respectively. The data were used to determine intial
estimates for the fitting procedure.

4.2 Four-component mixture containing ethe(@Hy,),
methanol(CH3OH), water vapor andCO;

At a constant absolute humidity of approximaté&lg%, the

CO, concentration was increased stepwise fromppm up

to 2250 ppm Up to this point the ethene concentration was
kept constant &0 ppband then increased in a single step to
200 ppb As a fourth component, methanol was added to the
mixture. Like ethene, methanol is an important compound in
industrial emissions and also frequently encountered in bio-
logical systems. The methanol concentration was always kept
constant aL00 ppb After a final increase to a maximu@0,
concentration 02500 ppmthe CO, concentration was re-
duced in steps of approximate®A0 ppmuntil no CO, was
present in the gas mixture. The slight asymmetry of@ia®
concentration profile observed in Fig. 4 was caused by an er-
roneous setting of the gas mixing unit. It did not, however,
affect the measurements themselves. As is clear from Fig. 4,
the photoacoustic amplitudes and phases show the expected

Fig. 3. Example of the analysis of a gas mixture containing water vaporvariations with time and the ethene and methanol concentra-
ethene and a varyin@O, concentration in synthetic air. In the two up- tions derived from these data agree well with the expected

per plots measuredléty and theoretically calculatedirfes) photoacoustic  yg|yes according to the settings of the gas mixing unit.
amplitude and phase with respect to the modulated exciting laser radiation

are shown for thre€O, laser lines. The 10R(20) and 10P(14) laser tran-

sitions represent water vapor and ethene absorption, respectively, while tI}F
10P(12) transition is unspecific. The photoacoustic amplitude and phase de-
pend strongly on the amount of water vapor andC@h present in the gas . . . . .
sample. The ethene concentration could be derived from the above data wiBesides the analysis of artificial gas mixtures, the algorithm

the Levenberg-Marquardt algorithm. Good agreement is obtained with thhas been applied to PA spectra of an air sample from an ap-
expected value of00 ppb ple storage chamber. Plants and fruit emit various gases that
give evidence of biological processes [13—18]. Ethene, for
transitions decrease due to destructive signal interferences etample, reacts as a ripening and stress hormone. It is pro-
the ethene and water vapor absorption with the absorption afuced in large quantities by apples and can be excellently
CO,. The amplitudes increase again when@@; absorption  monitored with the'?C1®0, laser. At the Swiss Federal Re-
becomes dominant. As Fig. 3 implies, the signal phases at tleearch Station for Fruit-Growing, Viticulture and Horticulture
three lines start at the same experimental valueId® and  in WadenswilZurich different fruit are exposed to artifi-
consecutively increase up to a final value5® whenCQO,  cially modified atmospheric conditions. These experiments
absorption becomes dominant. The measured signal amphre aimed at elucidating the biological processes entailed with
tude and phase at the 10P(14) transition can qualitatively ke ripening of fruit. An air sample 051 volume and un-
compared with the calculated data in Fig. 1. In analogy to th&nown composition was collected with a gas sampling bag

3 Air sample from a fruit storage chamber
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- ———— 7 Fig. 5. Photoacoustic absorption spectrum of an air sample from a fruit stor-
age chamber. The measured photoacoustic amplitude and phase and the
P o ethene [ppb] data obtained with the Levenberg—Marquardt algorithm are plotted. The
w0 1 setting corresponding gas concentrations resulting from the fit are given in Table 2

%000 [ to the supposition that besides water vai,, ethene and
ethanol only few, if any, further absorbing compounds were
presentin the air sample. The gas concentrations derived with
ol ] the Levenberg—Marquardt fit procedure are listed in Table 2.
] They represent average concentrations obtained from the an-
e alysis of all four spectra. Due to the large overlap in the
absorption regions in the 9P laser branch the inclusion of fur-
| T absoe umidy 4 ther compounds, such as methanol, into the fit resulted in
] a larger deviation of the fitted from the measured spectra and
consequently in erroneous gas concentrations. The derived
o a0 @0 w0 w0 w0 0 ethene concentration @20 ppmand the ethanol concentra-
et tion of 22.3 ppmare rather high compared to concentrations

Fig. 4. Analysis of a multicomponent mixture containing ethene, methanol,usua”y found in ambient air. They correspond however. to
water vapor andCO,. Again, the calculated signal amplitudes and phases, ’ '

are in excellent agreement with the measured data and the derived metharligle _eXpefCted levels in th_e fruit storage ro_om accordlng to
and ethene concentrations correspond to the expected levels earlier air analyses and independent studies at other loca-

tions [19, 20].

gas concentrations
3
L

2000 |- -4 —=— COy [ppm]

(Linde plastigas) from an apple storage chamber with en-

hancedCO, concentration. The consecutive analysis was per4.4 Ambient air monitoring at Alptal (Switzerland)

formed within24 hin a sealed-off measurement with our PA

system at ambient pressure and at room temperature. The fEhe field study was performed at Alptal (Switzerland), ap-
sult is displayed in Fig. 5. The spectra are dominated by thproximately 40 km to the south of Zurich, where a bio-
absorption of ethene. Furthermore, evidence for ethanol cdngical monitoring station is operated by the Swiss Federal
be found at the 9P laser lines. This alcohol can most proba-

bly be ascribed to anaerobic breath processes of the fruit. Four

full 2C%0, laser absorption spectra have been recorded and

almost no deviation between the spectra was observed. Table 2. Gas concentrations in an air sample from an apple storage room.

Figure 5 shows one PA amplitude and phase spe The errors quoted are the standard deviations of the concentrations derived

- - from four fitted spectra
trum as well as the corresponding data calculated with P

the Levenberg—Marquardt fit. Reference spectra of ethene, gas Concentration

ethanol, water vapor and €O, have been included into the

fit procedure. Except for a few laser lines in the 10P branch, Ethene CoHg) 220+ 14 ppm

the measured photoacoustic amplitude and phase could be (E:th%nol ng%O)@OZ) g%gig.g ogpm
H arpon dioxiae . .570

reproduced accurately. The correspondence between fitted Water vapor k,0) 0.734.0.01%

and measured amplitude and phase spectra gives evidence
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Institute for Forest, Snow and Landscape Research (WSL Figure 6 depicts the concentration profiles of the three
BirmensdorfZurich) in a mountain valley far from primary gases at the measuring site between July 5 and July 24, 1996.
air pollution sources. Between July 5 and July 24, 1996, thén comparison to the photoacoustic measurements, the ozone
mobile PA system was operated at the unattended meteoroencentrations derived with the commercial ozone analyser
logical monitoring site “Erlenhdhe” at an altitude ®200m  of the WSL Birmensdorf and the absolute humidity calcu-
above sea level. The monitoring site is situated on a slightljated from the data of a capacitive humidity meter are plotted.
descending slope in a lightly wooded area. Neither agriculTheCO, concentrations in Fig. 6 have been obtained from the
tural activities nor any traffic were present in the immedi-near-infrared gas sensor (Gas Card) of the mobile system. The
ate environment. Harsh meteorological conditions during th@hotoacoustic 0zone concentrations show the expected varia-
measurement period and large diurnal temperature variatioti®ns in the daytime in correlation to the data obtained with
with maximum temperatures exceedi®g°C and minimum  the commercial monitor. Average concentrations are on the
temperatures close ©°C posed a challenge to the perform- order of40 ppbduring the measuring period while maximum
ance of the automatic system, particularly in view of the fact

that the air conditioning in the trailer had to be switched —— ozone analyser WL

off due to the low electrical power available at that site. —o— mobile system

Thermal expansion of the laser resonator caused by the tem- 1z
perature variations resulted in the detuning of some of the
laser transitions. Particularly in the 9R laser branch single
lines needed to be realigned several times during the course 5
of the campaign. Hence, some critical laser transitions havé

been excluded in the evaluation of the spectra. Despite these
minor difficulties, however, the overall performance of the

system was good during the monitoring period and completg Jﬂjm
12C180, laser absorption spectra could be recorded during the
20 days The system was operated in the flow-through mode? Ar

i.e. ambient air was continuously drawn into the absorption
cell through &-m-long teflon PFA tube at a flow rate of ap-
proximatelyl |/min.

The PA spectra (amplitude and phase) recorded during the
field study at Alptal gave clear evidence of (a) ozone with
characteristic signals of the main ozone absorption band at 2s
12C160, laser wavelengths (9P(14) laser line) and (b) wa-
ter vapor andCO,. To check for further trace components o
at the measuring site, two air samples were drawn on a hot 2.
summer day after a six-day period of stable meteorologi-;
cal conditions with bright weather and without rainfall. The z
samples were analysed at the Paul Scherrer Institute (PSI) &t s
Wirenlingen (Switzerland), with a gas chromatography sys-g W‘%

capacitive humidity meter
o PA

BB ©
¥

00

ity

tem, and revealed low ambient concentrations of isoprené
(2 pph, of ethene and ethin®.@ pph and of further hydro- 10
carbons. Except for isoprene all concentrations were below W o 2
1 ppband thus substantially lower than the detection limit of 0
our mobile PA system. The ambient hydrocarbon concentra-
tions were also lower than those of a comprehensive study on
volatile organic compounds at rural sites in Europe [21]. An- s
other strongly absorbing compound&®, laser wavelengths
was ammoniaNHs). However, an earlier study with denuder
measurements at a nearby site revealed yearly avéibige
concentrations of onl.20+0.17ug/m? (=~ 0.3 pph [22],
which is also below the detection limit &ppbof our mobile A 85
system. Thus, since no evidence could be found for absorbing gg%%rﬁ%é/é/ ﬁ%%%@ %@W
compounds other than ozone, water vapor @@ at rele- g

vant concentration levels, we analyzed the recorded PA spec-
tra by taking into account calibration spectra of these three
species only. Best results were obtained by restricting the 2ottt B = T
Levenberg—Marquardtfitting procedure to the OP laser branch  ws  wr wys wwit s uwts a7 owwse b2 dzs

that exhibits the strongest ozone absorptioff@£°0, laser  Fig.6. Ozone, water vapor an60, concentrations at the meteorological
frequencies. Additionally the 10R(18), 10R(20) and 10R(22)monitoring site Erlenhéhe (Brunni, Switzerland) between July 5 and July
as well as the 10P(18), 10p(20) and 10p(22) transitions havd 1996. The concentration profiles derived from the photoacoustic spec-

p . h tra of ozone and of the absolute humidity are compared with the data from
been included since they are representanvé-lfg@ andCO, commercial ozone analyser of the Swiss Federal Institute for Forest, Snow

absorption. Bpth signa! amplitude and phase were fitted WitBnq Landscape Research (WSL Birmensdorf) and with the absolute humid-
the same statistical weight. ity calculated from the data of a capacitive humidity meter
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concentrations reach up to approximat®d/ppb In contrast  with a line-tunableCO, laser. In contrast to previous ana-
to the data from the commercial monitor the photoacoustityses this algorithm calculates signal amplitudes and phases
concentrations come close to zero on July 16. This couldeparately, which extends the potential of the analysis sub-
most probably be ascribed to erroneous results of the fittingtantially, particularly with respect to multicomponent mix-
procedure when the ozone concentrations come close to otures which often cause interfering spectra. Without any
detection limit of13 ppb The natural background concentra- pre-treatment air samples of different origin can thus be
tion of ozone in clean tropospheric air exce@0sg/m®, i.e.  analyzed.
10 ppb[23]. The ambient ozone concentration is increased With a commercial gas mixing device the analysis proced-
above this level by ozone originating from local precursors atire was tested for the first time with multicomponent mix-
distances between 10 a®® km and by contributions from tures containing time-varying gas concentrations. The mix-
higher atmospheric layers where ozone concentrations rédres were prepared with water vapor @@, at ambient
main at rather constant levels even in periods of bad weatheroncentrations and additional compounds in the ppb range.
Ambient ozone concentrations beld® ppbare therefore not Excellent agreement between measured photoacoustic ampli-
very probable. The mismatch between the concentrations dasde and phase spectra and the data calculated from refer-
termined photoacoustically and the data from the commercia&nce spectra of the individual compounds was obtained. The
system between July 22 and July 24 can be ascribed to thederived gas concentrations are in good agreement with the
mal detuning of laser transitions in the 9P laser branch. Thiexpected values according to the settings of the gas mixing
resulted in larger measurement errors of the recorded spectrmit. Deviations are on the order % to 20%. Furthermore,
Itis very unlikely that such deviations are caused by ozone rethe algorithm was applied to the analysis of an air sample
actions in the gas tubings because similar tube lengths hawé unknown composition from an apple storage chamber. Ex-
been used for the calibration measurements and the field stuckpt for a few laser lines, excellent agreement between the
ies and, furthermore, the deviations occur in both directions.measured and the calculated data was obtained by including
The absolute humidity determined from the photoacousticeference spectra of water vap@(,, ethene and ethanol

data is in good agreement with the conventionally measuredapor into the fitting procedure. The resulting gas concentra-
concentration. It shows diurnal variations with amplitudestions correspond to the expected levels according to earlier
on the order 0f0.75% and an additional slow modulation investigations.
with time caused by the changing meteorological conditions. In a field campaign our mobil€O, laser photoacoustic
The CO, concentrations exhibit diurnal variations aroundsystem was operated unattended at a biological monitoring
350 ppmwith maximum values after midnight on the order of site in a rural mountainous area at an elevatiorl290 m
400 ppmand minimum concentrations aroud80 ppmin the  above sea level. The ambient air was flown continuously
afternoons. No comparative data were available forGle  through the gas cell. Photoacoustic spectra were recorded
measurements depicted in Fig. 6. However@ias datawere over 20 daysand analyzed after the campaign. Water vapor,
used to derive the ozone concentrations from the photoacouSO, and ozone could easily be identified from the spectra
tic spectra. The good agreement between the measured aamt their diurnal variations were derived, but no evidence was
the calculated photoacoustic spectra sustain the assumptifound for additional absorbing compounds. Independent ana-
that the correctCO, concentrations were determined with lyses of air samples showed that the concentrations of volatile
the near infrared gas analyser. Diurnal and seasonal changagianic compounds were in fact below the detection limit of
in atmosphericCO, concentrations in different environments our system. In contrast to laboratory measurements on gas
have recently been investigated by various authors [24—26inixtures containing only known compounds, field measure-
In these studies, diurnal variations of tk¥, concentra- ments have larger errors in derived trace concentrations in
tion with enhanced concentrations during nighttime, mini-ambient air due to potential absorption interferences of un-
mum concentrations in the afternoon and differences betwedmown species.
maximum and minimum concentrations on a single day in  With regard to future field measurements at sites with
summer of 50 up t®5 ppmwere observed. The enormous low ambient pollutant concentrations, emphasis is thus put on
diurnal variation ofCO, is ascribed to the daily cycle of lowering these detection limits, e.g., by implementing a mul-
photosynthesis and respiration by the surrounding vegetdipass photoacoustic cell. On the other hand, an improvement
tion superimposed on the day—night contrast of atmospheria detection selectivity, which is particularly important in
mixing [25]. These results agree well with o0, measure- highly polluted areas, is envisaged by increasing the number
ments. It should be noted that the diur@D, variation is  of operational wavelengths, e.g., by the simultaneous oper-
less pronounced during the first six days of the monitoringation of two different laser isotopes. Ideally, a narrow-band
period, which were characterized by rather bad weather withontinuously tunable laser with a broad wavelength range in
low solar radiation densities and hence reduced photosynthtie mid-IR is employed and great efforts are currently being
sis activity. OurCO, data are also supported by a previousput into the development of such sources that are suitable also
study performed in a rural area with enhan€@, concen- for field measurements.
trations during night time [1, 4].
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