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D if fe re n t ia l  o p tic a l  a b s o rp t io n  sp e c tro s c o p y  is  a  w id e ly  u s e d  te c h n iq u e  fo r  o p en -co lu m n  a tm o s p h e r ic -g a s  
p o l lu t io n  m o n ito r in g . T h e  c o n c e n tr a t io n  r e t r ie v a l  is  b a s e d  o n  t h e  f i t t in g  o f  th e  m e a s u re d  d if fe r e n t ia l  
a b s o rb a n c e  th r o u g h  t h e  L a m b e r t - B e e r  la w . W e p r e s e n t  a n  a l t e r n a t iv e  m e th o d  fo r  c a lc u la t in g  th e  g a s  
c o n c e n tr a t io n  o n  t h e  b a s is  o f  t h e  p r o p o r t io n a l i ty  b e tw e e n  d if fe r e n t ia l  a b s o rb a n c e  a n d  d if fe r e n t ia l  a b 
s o rp t io n  c ro ss  s e c tio n  o f  t h e  g a s  u n d e r  s tu d y . T h e  m e th o d  c a n  b e  u s e d  o n  i t s  o w n  fo r  s in g le -c o m p o n e n t 
a n a ly s is  o r a s  a  c o m p le m e n t  to  th e  s t a n d a r d  te c h n iq u e  in  m u ltic o m p o n e n t  c a s e s . T h e  p e r fo rm a n c e  o f 
t h e  m e th o d  fo r  t h e  c a s e  o f  c ro ss  in te r fe r e n c e  b e tw e e n  tw o  g a s e s  is  a n a ly z e d . T h e  p ro c e d u re  c a n  b e  u s e d  
w i th  d if fe r e n t ia l  a b s o rp t io n  c ro ss  s e c tio n s  m e a s u re d  in  th e  la b o r a to ry  o r  t a k e n  f ro m  th e  l i t e r a tu r e .  I n  
a d d i t io n , t h e  m e th o d  p ro v id e s  a  c r i te r io n  to  d is c r im in a te  a g a in s t  d i f fe r e n t  sp e c ie s  h a v in g  a b s o rp t io n  
f e a tu re s  in  th e  s a m e  w a v e le n g th  r a n g e . ©  2 0 0 3  O p tic a l  S o c ie ty  o f  A m e r ic a  
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in g  slit) p laced in  th e  focal p lane o f th e  spectrom eter. 
T hus th e  s lit  rep etitively  scanned a short portion of 
th e  spectrum  w here th e  gas show s absorption fea
tures. C onsecutives scan s are perform ed, up to 100 
scans per second. For scans o f le ss  than  10 m s th e  
effect o f  atm ospheric turbulence is  sm all, because its  
frequency spectrum  is  im portant only around 0 .1 -1  
H z. In  th is  w ay, sin g le  and m u ltispecies atm o
spheric U V -visib le absorption spectra could be re
corded.

A fter th a t, A xelsson , E dner, and co-workers4-6 
u sed  a sim ilar DO AS configuration to m easure the  
concentrations o f ozone, su lfur dioxide, n itrogen di
oxide, am m onia, and som e volatile  organic com 
pounds in  urban environm ents over one kilom eter  
path  length . B onasoni, G iovanelli and co
w orkers7-9 used  a lin ear  photodiode array in stead  of 
th e  photom ultip lier, m easu rin g  several pollu tant  
g a ses in  both urban and field scenarios, as w ell as for 
vertical tropospheric colum n.

In all o f th ese  cases, th e  concentration is  derived  
eith er  by correlation w ith  laboratory-calibrated ab
sorbance spectra or w ith  syn th esized  spectra from a 
previously m easured  absorption cross section. The 
algorithm  for concentration retrieval relies th en  on a 
least-sq u ares fit o f th e  m easured  differential absor
bance spectrum  w ith  th e  reference spectrum . The 
m ain  point in  th e  D O AS m ethod is  th e u se  o f the  
so-called differential cross section, defined as th e  part
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1. Introduction
O ptical sen sin g  techniques h ave been  u sed  during  
th e  p ast decade for environm ental stu d ies. L aser- 
and nonlaser-based  long-path absorption m ethods 
are particu larly advantageous over point-m onitoring  
tech n iq u es, since th ey  can perform large area m ea
su rem en ts in  a s in g le  experim ent. D ifferentia l op
tica l absorption spectroscopy (DOAS) is  an open- 
path , nonlaser-based  technique pioneered by P latt, 
Perner, and co-w orkers.1-3 In its  original form , ligh t  
from  a h igh  pressure X e lam p is  collim ated  w ith  a 
parabolic m irror and launched horizontally  in to  open  
atm osphere over a d istance o f several k ilom eters. 
T he beam  is received by a su itab le optical device  
(telescope) and focused in  th e  entrance s lit  o f a spec
trom eter for w avelen gth  in ten sity  an a lysis  by u se  of 
a photom ultip lier. The authors1-3 u sed  a th in  sp in 
n in g  m eta l disc w ith  100-um -w ide radial s lits  (rotat-
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o f th e  absolu te cross section  th a t varies rapidly w ith  
w avelen gth .

In  th is  paper w e p resen t an  a lternative m ethod for 
determ in in g  gas concentration in  D O A S m easu re
m en ts, u sin g  th e  lin ear  relationship  b etw een  th e  area  
o f th e  m easu red  d ifferential absorbance curve and  
th a t o f th e  d ifferentia l absorption cross-section curve, 
as tak en  from  th e  literatu re. The m ethod  can also  
be u sed  as a com plem ent to th e trad itional lea st-  
squares fit, h e lp in g  to d iscrim inate am ong other ab
sorbing g a ses  in  a fixed-w avelength  range. The case  
o f sin gle- and m ultip le-com ponent species is  a n a 
lyzed, and a com parison w ith  th e  standard  m ethod is  
presented . T he paper show s experim ental resu lts  
for both cases obtained  in  a  gas te s t  cham ber and  
com pares th em  w ith  concentration va lu es derived  
from calibrated electrochem ical m easu rem en ts.

w h ere A  =  log(70/7) denotes the absorbance o f th e  
layer o f len g th  L. Typical absorbance va lu es re
corded in  DO AS applications range from 10*2 to  
10- 4 . D O A S m ak es u se  o f th e  characteristic absorp
tion  fea tu res o f trace-gas m olecules a long  a  path  o f  
know n len g th  in  open  atm osphere. T he problem  o f  
determ in in g  th e  tru e in ten sity  70(X), as w ould be re
ceived from  th e  figh t source in  th e  absence o f an y  
extinction , is  so lved  by w orking w ith  th e  so called  
differential absorption, w hich  is  defined as th e  part o f  
th e  to ta l absorption cross section  o f an y  m olecule  
rapidly varyin g  w ith  w avelen g th  in  a  g iven  in terval. 
F igure 1 illu stra tes  th is  fact for th e  case o f su lfur  
dioxide ( S 0 2),12 b u t a  sim ilar concept can be applied  
to th e  case  o f  o ther p o llu tan t gases, such  as n itrogen  
dioxide ( N 0 2) and ozone ( 0 3). A s a gen era l fact, th e

w h ere  70'(X) is  th e  in ten sity  in  th e  absence o f differ
en tia l absorption .11 T hus th e  concentration  can be  
calcu lated  from Eq. (4) w ith  th e  or/(X) tak en  from  th e  
literatu re (or m easu red  in  th e  laboratory) and fittin g  
70'(X) by a  su itab le  polynom ial, up  to th e  fifth  or six th  
order, depending on th e  se lected  spectral ran ge.2 5 
A fter w e d ivide th e  raw  spectrum  by th is  polynom ial 
and tak e  its  logarithm , a  d ifferentia l absorbance  
spectrum  (or d ifferentia l tran sm ission  spectrum ) is  
obtained. W e can  syn th esize  th is  spectrum  b y m u l
tip ly in g  CTj'(X) by  a su itab le  concentration-tim es-  
le n g th  factor [according to  Eq. (4)], w h ich  is  obtained  
by a  least-sq u ares fit.

T he resid u a l spectrum  gen era lly  show s som e dif
feren tia l fea tu res th a t m ay  be due to  th e  p resen ce o f  
another sp ecies h a v in g  absorption fea tu res in  th e  
sam e spectral region  as th e  form er or m ay  arise  from
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2. Theoretical Background
A  thorough d iscu ssion  o f th e DOAS m ethod can be  
found in  th e  w ork by P la tt and P la tt and P e m e r .11 
The la tter  tu toria l contains d eta ils about basic prin
cip les, hardw are, and algorithm s, recom m ended for 
th e  in terested  reader. Follow ing it  briefly, th e  ab
sorption o f rad iation  is  described by L am b ert-B eer’s 
law:

( 1)

w h ere 70(X) d enotes th e  incident in ten sity  em itted  by  
a su itab le  lig h t source and /(X) is  th e  rad iation  in te n 
s ity  tran sm itted  through a  layer o f th ick n ess L, 
w h ere th e  sp ecies to be m easured  is  p resen t at th e  
concentration c. T he quantity  or (X) rep resen ts th e  
w avelen gth -d ep en d en t absorption cross section , 
w hich  is  characteristic  o f each  species. T he d eter
m ination  o f  th e  figh t path  len g th  L  is  u su a lly  triv ia l. 
Once th ese  la tter  q u an tities are know n, th e  average  
trace-gas concentration  c can be calcu lated  from  th e  
m easured  ratio 7(X)/70(X):

w h ere  crl0(X) represen ts th e  m onotonously  (slow) vari
ation  o f th e  cross section  w ith  w a v e len g th  (due to  
scatterin g , for exam ple) and cr/(X) rep resen ts th e  
rapid variation  due to  an  absorption band. A l
th ou gh  th e  absorption spectra  o f polyatom ic m ole
cu les m ay be com plicated ow ing to th e  p resen ce o f  
num erous closely  spaced v ib ra tion a l-ro ta tion a l le v 
e ls ,13 typ ical spectrographs u sed  in  D O AS do not h ave  
th e  n ecessary  reso lv in g  pow er to d iscrim in ate th e  
rovibronic bands. So, th e  m ean in g  o f  “slow ly” and  
“rapid” are rela ted  to th e  in stru m en t reso lu tion  and  
to th e  ex ten t o f th e  w avelen g th  range. T hus a dif
feren tia l absorbance can be defined sim ilarly  to Eq.
(2) as:

absorption cross section  o f  a g iven  m olecu lar sp ecies  
m ay be w ritten  as th e  su m  o f tw o term s:

F ig . 1. P a r t  o f  t h e  r a w  s p e c t r a  (so lid  c u rv e )  w i th  in te r p o la t in g  
th i rd - d e g r e e  p o ly n o m ia l (d a s h e d  c u rv e ) . In s e t :  T y p ic a l  r a w  
s p e c t r a  sh o w in g  t h e  S 0 2 a b s o rp t io n  m o d u la t io n  i n  t h e  3 0 0 -n m  
re g io n .

(3)

(4)
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artifacts o f th e  a lgorithm .5’6 T hese artifacts m ay be 
introduced by in accu rate  m atch in g  betw een  the  
m ultip le-regression  an a ly sis  and th e  actual differen
tia l absorbance spectrum , w hich, after subtraction, 
y ie ld s a residual spectrum  sh ow ing relatively  large  
structures.5 T his m atch in g  process requires sh ift
in g  up and down in  w avelen g th  one o f the spectra for 
precise peak  m atch ing .6 In addition, th e  reference  
absorption spectrum  m u st be m easured  w ith  the  
sam e in stru m en tation  or convoluted w ith  th e  appro
priate in stru m en t function  to ensure th e  sam e reso
lu tion  for both spectra. T his fact m akes necessary  
an  accurate d eterm in ation  o f th e reference concen
tration  to g et reliab le absorption cross-section va lu es.

A n a lternative approach is  to regard Eq. (4) as a 
lin ear  param etric relation  b etw een  th e  m easured  dif
ferentia l spectra [A '(\)]  and  th e  differential cross sec
tion  [o-j'(X)]. To m ake th is  approach effective, the  
tw o functions are m atched  in  both w avelen gth  range  
and spectral resolution . In such  a case, Eq. (4) m ay  
be in tegrated  from a  certa in  in itia l w avelen gth  va lu e  
to a certain final w ave len g th  va lu e to yield:

and is  collected  by another telescope and focused into  
a spectrograph for w avelen gth  analysis. T his setup  
w as u sed  p reviously  to m ake m easu rem en ts on S 0 2 
and N 0 2 a t a  local oil refinery.15 Since for the  
p resen t m easu rem en ts the ligh t path in sid e  th e  te st  
cham ber w a s about 1 m eter, th e  collim ating telescope  
w a s rem oved and th e  lam p w a s run a t about 70% of  
its  rated  power.

1 2  7

(5)

P hysically , th is  equation  m ean s th a t the area under  
th e  differential absorbance curve is  proportional to 
th e  area under th e  d ifferentia l cross-section curve. 
T h is in terpretation  is  in  accordance w ith  th e fact th a t  
th e  area under an  iso la ted  absorption lin e  rem ains  
con stan t regard less o f its  w id th  (for a given absorber  
concentration). I f  th e  absorption bands o f th e  gas  
under study are close en ou gh  to each other th a t they  
are blended, th e  above sta tem en t m ay n ot hold  
strictly . N everth eless, s in ce A'(X) and cr/(X) are  
m atched  in  spectral reso lu tion  (0 .1 -0 .3  nm  for a typ 
ical DOAS spectrograph), Eq. (5) still holds. In  fact, 
num erical calcu lations w ere carried out convoluting  
A '( \)  and ar/iX) w ith  in stru m en t functions o f differ
en t w idths (covering th e  range m entioned above). 
T he changes in  th e  resu ltin g  spectra do not m odify  
th e  estim ated  va lu e o f concentration, since th e  larg
e s t  w idth o f th e  in stru m en t function is  m uch less  
th a n  th e w idth  o f th e  bands. For th e  cases show n in  
th is  work and, in  general, for a lm ost all gas pollut
an ts  th at can be m easu red  by DOAS, th e  com bination  
o f band separation , w idth , and spectral resolution  
produces n eglig ib le b len d in g  o f the bands. I f  the  
low er integral lim it in  Eq. (5) is  kept fixed and the  
upper lim it is  tak en  as a variable param eter, a p lot o f  
th e  va lu es o f both in tegra ls  for d ifferent Xf w ill y ield  
a  lin ear plot w h ose slope is  proportional to th e  actual 
concentration.

3. Experimental Setup

A. DOAS System
O ur DOAS system  h as b een  described in  d eta il e lse 
w h ere .14 Briefly, i t  con sists o f a 150-W  X e arc lam p  
placed at th e  focus o f a N ew ton ian  telescope. The 
collim ated beam  traverses a long atm ospheric path

Spectrograph
T he spectrograph w as th e sam e as the one described  
in  a previous w ork.13 For h igh-resolution  spectros
copy, an  echelle-based  spectrograph is  preferred over 
com m on g ratin g  in  low  order. The m ain  reason  is  its  
in h eren t h igh er ligh t throughput because o f its  short 
focal len g th . B ecause th e  echelle  grating h as a large  
groove spacing, it  is  u sed  at high-order num bers, but 
it  is  n ecessary  to provide cross d ispersion to avoid an  
overlapping o f diffraction orders. The cross d is
perser is  sim p ly  a prism  or another gratin g  w hose  
dispersion  is  a t right angles w ith  th a t o f th e echelle. 
T he an gu lar dispersion  o f th e cross d isperser is  u su 
a lly  m an y  tim es sm aller, so th e  com bination o f  the  
tw o e lem en ts g ives a tw o-dim ensional spectrum  for
m at. The cross-dispersion spectrograph used  in  th is  
w ork is  a M echelle 900  m odel from M ultichannel In
stru m en ts A B  (Sw eden). The exact position  o f any  
w a v elen g th  can be determ ined  by u se  o f  ray tracing. 
T hus, for a g iven  w avelen gth  X, th e  spectral order m 
and th e  focal p lane co-ordinates xc, yc can be calcu
lated . Recording a spectral im age o f  a calibration  
source (such  as a low -pressure m ercury lam p) con
ta in in g  w ell-defined  know n spectral lin es provides 
th e  m ean s for fine calibration. The im age h as a res
olution  o f 0 .23  nm . A lthough th e  M echelle 900  h a s a  
b u ilt-in  pre-exposure com m and th a t optim izes expo
su re tim e to  prevent p ixel saturation , th e  relative  
in ten sity  ratio  betw een  the U V  (300-nm ) ligh t and  
near-infrared (900-nm ) ligh t o f th e  Xe lam p im poses  
th e  u se  o f  a  U V  bandpass filter to cut o ff m ost o f th e  
v is ib le -N IR  X e em ission . T his fact also  applies to 
conventional grating-based spectrographs, since th e  
stray  lig h t effectively  reaching the optical sensor  
(u su a lly  a CCD) is  large enough to create a n o isy  
background th a t m ask s the w eak  U V  portion o f the  
sign a l.

C. Test Chamber
T he te s t  cham ber used  in  th ese  experim ents w as con
structed  a t our site  and sim u lates a portion o f an  
in d u stria l ch im n e y .. It is a s ta in less-stee l cylinder, 
50 cm ta ll and  50 cm in  d iam eter w ith  in tern a l reg
u la ted  electrical h eaters th a t can ra ise  th e  tem pera
tu re in sid e  th e  cham ber up to 250 °C. It h a s tw o  
pairs o f optical ports (25 cm lon g  each) placed oppo
s ite  to each  other through w hich ab sorp tion -  
tra n sm issio n  experim ents can be conducted. Since  
th e  len g th  o f  optical path  betw een  th e se  ports w as  
1 m , th e  DO AS concentration m easu rem en ts are 
g iven  in  parts-per-m illion m eter. It also h as four 
other in p u t-o u tp u t ports for gas in let, vacuum  line, 
vacuum  gau ge, and electrochem ical probe connector.
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T he la tter  is  a TESTO  360 electroch em ical sensor  
capable o f  m easu rin g  S 0 2, NO x, CO, C 0 2 and oxygen  
in  th e  0 -5 0 0 0  ppm  range w ith  an  error o f  5%. A n  
overall block d iagram  o f th e  exp erim en ta l setup  is  
show n in  F ig. 2.

4. Data Processing
Sin ce u n even  sen sitiv ity  o f th e  CCD p ixels together  
w ith  a  possib le lack  o f sm ooth n ess in  th e  in ten sity  
spectrum  o f th e  X e arc lam p m ay  introduce fictitious  
fea tu res in  th e  absorption spectrum , a raw  spectrum  
o f th e  lam p in  th e  absence o f g a ses  is  recorded. A  
third-order polynom ial is  fitted  and subtracted. T he  
resid u a l d ifference (positive and n egative) is  th en  
subtracted  from  th e  form er raw  spectrum  to account 
for th e  n o ise  featu res. T his procedure is  iterated  
u n til a sm ooth  lam p spectrum  is obtained  and saved  
for future use.

A. Single Component Analysis
T he procedure is  as follows: A  raw  spectrum  is  re
corded as show n in  th e in se t  o f  F ig. 1, w here it  can be  
seen  th a t th e  short w avelen gth  sid e  o f  th e  tra n sm is
sion  profile o f th e  bandpass filter is  m odulated  by th e  
absorption fea tu res o f S 0 2 in  th e  range o f 2 8 0 -3 2 0  
nm . O nly a portion o f th is  spectrum  is  tak en  for  
processing  (nam ely, 2 9 5 -3 1 0  nm ), sin ce it  contains  
severa l p eaks u sab le  for concentration retrieval. 
T his spectrum  is th en  m atched  to  th e  saved  sm ooth  
lam p spectrum , and th e  noise is  subtracted  to e lim i
n a te  th e  lam p’s featu res. The d ifferentia l absor
bance spectrum  is eva lu ated  according to Eq. (4), 
w h ere 70' is  a third-order polynom ial and I  is  th e  
m atch ed  raw  spectrum . A t th is  stage , th e  areas are 
calcu lated  and stored for va lu es o f  coincident w ith  
su ccessive  m in im a under th e  absorbance curve. 
T his w ay  o f tak in g  va lu es is  for e a se  o f calcu lation , 
b u t in  principle all v a lu es w ith in  th e  w avelen gth  
ran ge are eq u ally  selectab le. A n S 0 2 library differ
en tia l cross section  is  se lected  an d  th en  convoluted  
w ith  th e  in stru m en ta l function  and its  areas calcu
la ted  sim ilarly  as th e  absorbance. T his process is  
illu stra ted  in  F ig. 3, w h ere part (a) show s a typ ical 
S 0 2 absorbance spectrum  and p art (b) sh ow s a coin
cid en t portion o f its  cross section  as tak en  from  B rass-

F ig . 3 . (a) T y p ica l ab sorb an ce  S 0 2 sp ectru m . T h e la b e le d  a r ea s  
a re  u s e d  for co n cen tra tio n  d e term in a tio n , (b) D iffer e n tia l ab sorp 
tio n  cross sec tio n  ta k e n  from  R ef. 12  co n v o lu ted  w ith  in s tr u m e n t  
fu n ction .

w h ere zK is  th e  error, sin ce th e  left-h an d  sid e is  a  
m easu red  m agn itu d e.

B y  varyin g  K  from  1 to n, w e obtain  n p o in ts th a t  
can be fitted  by a  lin ear regression  w h ose slope is  th e  
product o f  c tim es L  (Fig. 4). It shou ld  be noted  from  
Fig. 3 th a t th e  in d ex  K  m ay  tak e va lu es from 1 to  6 
(th at is, several bands are tak en  in to  account), a llow 
in g  a  reliab le regression .

B. Multicomponent Analysis
S in ce  th e  to ta l d ifferen tia l absorbance can  be con
sid ered  a s  th e  lin e a r  com bination  o f  th e  com p on en t  
d ifferen tia l ab sorb an ces, E q. (5) can  be gen era lized
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in gton 12 convoluted  w ith  an  in stru m en t function  o f
0 .25-n m  w idth . In each curve, th e  different areas  
u sed  for th e  calcu lation  o f Eq. (5) Eire labeled . F i
n a lly , th e  areas under each  absorption band are  
added to y ie ld

F ig . 2. E x p er im en ta l se tu p .

(6)



F ig . 4. L in ea r  r eg re ss io n  corresp on d in g  to Eq. (6). I ts  s lop e  is  
p rop ortion al to  th e  con cen tra tion .

to  m an y  sp ecies  by rew ritin g  its  r igh t-h an d  sid e  
as

w h ere cr7( \ )  is  th e  absorption cross section o f species  
j, b etw een  th e  w avelen g th s X* and Xf; Cj is  th e  num ber  
d en sity  o f species j; and m is  th e  num ber o f species  
present. For the case o f tw o com ponents, m =  2, so  
th e  difference betw een  th e  m easured  to ta l differen
tia l absorbance va lu e  and th e  calculated com ponent 
differential absorbances can be w ritten  as

w h ere e(X^) is  th e  error as a function o f  I f  th is  
param eter tak es n va lu es w ith in  the selected  w a v e
len g th  range, th en  Eq. (8) y ields a  set o f n equations  
w h ose solution  is  g iven  in  m atrix form b y16:

F ig . 5 . (a) D ifferen tia l absorbance cu rv es  for d ifferen t con cen tra 
t io n  ra n g es . T he n u m b ers in  th e  to p  r ig h t c o m e r  are th e  con cen 
tr a tio n  m ea su red  b y  th e  e lectro ch em ica l sen so r , (b) L in ear  
reg r e ss io n  for th e  d ifferen tia l ab sorb an ce  cu rv es  o f  p a r t (a). T he  
con fid en ce  in terv a l is  sh o w n  for ea ch  case . T h e  n u m b ers in  th e  
top  le f t  c o m e r  are th e  retrieved  co n cen tra tio n  v a lu e s .

T he u se o f  th e  filter m ay m odify th e  m easu rem en t  
o f th e  absorbance. I f  th e  filter is  p laced before th e  
absorbing m edia, th e  I / IQ ratio  show s th e  actual m od
u la tion  depth  o f th e  absorption featu res, in  accor
dance w ith  the L am b ert-B eer law . I f  th e filter is  
placed after th e  absorbing m ed ia  (for exam ple, a t th e  
entrance s lit  o f th e  spectrograph), th e  m odulation  is  
m odified by a factor th a t is  a function  o f th e  filter  
tran sm ission . In th is  case, th e  m easu red  in ten sity  
va lu es m u st be su itab ly  corrected to tak e  into  account 
th is  departure from th e real m odulation  depth.

w h ere n — 1 is  th e  num ber o f regions to in tegrate , S r  
is  th e  transpose o f  S , and A  is  th e  n X  1 m atrix  w ith  
elem en ts

A. Single-Component Case
T his procedure w as tested  for different S 0 2 concen
tration s d iluted  in  N 2, ran gin g  from 4 to 400 ppm  as 
m easu red  w ith  th e  calibrated electrochem ical sensor. 
F igure 5(a) show s th e d ifferential absorbance spec
trum  corresponding to four different concentrations  
w ith  a 100-ppm  in terval increm ent. It can be seen
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5. Results

(7)

w h ere L  is  th e concentration m atrix w ith  e lem en ts  
c n , c12. S  is  th e n X 2 m atrix w ith  e lem en ts

C =  [S ^ S J - ^ A ,

(8)

(9)



th a t th ere  is  proportionality  b etw een  th e  h e ig h t o f  
th e  p eak s and th e  concentration va lu es. I f  th e  pro
cedure b ased  on Eq. (6) is  applied to  each  o f  th e se  
absorbance spectra, a fam ily  o f lin ea r  p lots is  ob
ta in ed  [Fig. 5(b)]. The slope o f  each  curve deter
m in es th e  concentration, as m entioned  before. I f  th e  
concentration v a lu es retrieved  by D O A S are p lotted  
ag a in st th e  va lu es m easured  by th e  electrochem ical 
sensor, it  can be seen  th a t a lin ear  regression  fits  
th e se  poin ts (Fig. 6). T his show s th a t th ere is  an  
excellen t agreem en t betw een  both se ts  o f va lu es, in 
d icatin g  th a t th e  in tegra l procedure retrieves concen
tration  va lu es very  close to th o se  determ ined  by  
nonoptical m ethods. A nalogous resu lts  are obtained  
for low er concentrations (Fig. 7).

To te s t  th e  m ethod for another s in g le  gas, pure N 0 2 
w as introduced in  th e  te s t  cham ber a t d ifferent con
centrations. It is  w ell know n th a t N 0 2 h a s  its  m a x 
im u m  differentia l absorption cross section  in  th e  
range 4 3 0 - 4 5 0  nm  and exten d in g  w ith  d ecreasing  
in ten sity  to both th e  red and the U V . For reason s  
th a t w ill be clear below , th e  w avelen gth  ran ge 2 9 0 — 
310 nm  w a s chosen. A  sim ilar an a lysis  to  th e  S 0 2 
m ay be applied to N 0 2. F igure 8(a) sh ow s a  typ ica l 
absorption spectrum  in  th is  range for a g iven  concen
tration , and Fig. 8(b) show s th e  corresponding lin ear  
regression .
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la ted  curves. The percen tu al d ifference w ith  th e  
electrochem ical v a lu es lie s  b etw een  1% and 6%. 
H ow ever, it  w as found th a t addition  o f  a th ird  gas in  
Eq. (9) m ay  y ie ld  a n on n egative  concentration  coeffi
cient; d esp ite  th is, gas w as n ot added to th e  m ixture  
in  th e  te s t  cham ber. T his fact w a s  checked includ
in g  ozone cross section4’1? (w hich  h a s a nonneglig ib le  
v a lu e  in  th e  w avelen gth  ran ge used). T h is possib le  
draw back concerning m u ltip le  regression  an a lysis  
h a s been m entioned  by som e au th ors.6 To overcom e  
th is  problem , th e in tegra l m eth od  can be applied  to  
th e  resu lta n t spectrum  obtained  after subtracting  
from  th e  to ta l d ifferentia l absorbance a syn th esized  
spectrum  corresponding to th e  com ponent th a t h as  
th e  largest N  tim es ct product. F igure 10(a) show s  
th e  resu lt o f u sin g  th is  approach in  th e  case  o f th e  
m ixture o f F ig. 9(a). W hen a syn th esized  S 0 2 spec
tru m  is subtracted  from  th e  to ta l d ifferentia l absor
bance, a re su lta n t spectrum  is  obtained  (inset) th a t  
contains fea tu res o f th e  other sp ecies p lu s noise. 
T he squares correspond to N 0 2 and th e  circles to 0 3. 
B ased  on th e  proportionality  b etw een  d ifferentia l ab
sorbance and concentration, it  is  observed th a t N 0 2 
squares are b est fitted  by a  lin ear  regression ,

F ig . 7. (a) D ifferen tia l ab sorb an ce  cu rv es  for lo w  co n cen tra tio n  
range, (b) R e la tio n  b e tw e e n  D O A S  an d  e lectro ch em ica l sen so r  
co n cen tra tio n s  for th e  lo w  co n cen tra tio n  ra n g e .

F ig . 6 . C om p arison  b e tw e e n  co n cen tra tio n  v a lu e s  m ea su red  w ith  
e lectro ch em ica l sen so r  a n d  th o se  retr iev ed  b y  th e  in teg r a l m eth o d  
for s in g le -co m p o n en t a tm o sp h ere .

B. Multicomponent Case
To eva lu a te  the algorithm  perform ance for th e  cross 
in terferen ce, severa l m ixtures o f N 0 2 and S 0 2 w ere  
te sted  in  th e  cham ber. T he m ixin g  ratios o f th e se  
g a ses  sp an  0 and 100%. F igure 9 show s an  exam ple  
o f to ta l d ifferentia l absorbance for som e m ixtu res and  
th e  approxim ate m ix in g  ratios are (a) S 0 2:N 0 2 =  
1:1.5, (b) S 0 2:N 0 2 =  1:10, and (c) S 0 2:N 0 2 = 1:30. 
U se  o f Eq. (9) a llow s u s to ca lcu late  th e  in d iv id u al 
concentrations, w h ose  va lu es are show n in  th e  bot
tom  righ t com er o f  th e  figures. T he dotted curves in  
Fig. 9 show  th e  calcu lated  d ifferentia l absorbance  
w ith  th e se  retrieved  va lu es. It can be seen  th ere is  
a good m atch  b etw een  th e  m easu red  and th e  calcu-



F ig . 8. (a) D ifferen tia l ab sorb an ce sp ectru m  o f  N 0 2 in  th e  2 9 5 -  
3 1 0  n m  ran ge . T h e  n u m b er in  th e  top  le f t  co m e r  is  th e  con cen 
tra tio n  m ea su red  b y  th e  e lectro ch em ica l sen sor , (b) L in ea r  
r eg ress io n  for th e  d ifferen tia l ab sorb an ce  cu rve  o f  p a r t (a). T h e  
n u m b er  in  th e  top  le f t  co m er  is  th e  retrieved  con cen tra tion .

w h ereas th e 0 3 circles show  a sign ificant departure  
from  linearity . T his estab lish es a criterion to id en 
tify  th e  possible absorbing species present. F igures  
10(b) and 10(c) show  sim ilar resu lts  for other concen
tration  ratios.

F inally , Fig. 11 show s th e  traditional least-sq u ares  
m ethod applied to th e  sam e m ixing  ratios used  above. 
The dotted curves represent th e  calculated differen
tia l absorbances w ith  th is  algorithm . H ere also the  
num bers in  th e  bottom  righ t com er are th e  retrieved  
concentrations. It can be seen  th a t th e  fit is  very  
sim ilar  to th e  one show n in  Fig. 9, and th e  percentual 
difference w ith  th e  electrochem ical va lu es lies  be
tw een  1% and 8%. The concentration va lu es re
trieved  by both m ethods differ from  each  other by  
about 2% to 3%. 6 6

F ig . 9 . M easu red  to ta l d ifferen tia l absorbance (so lid  curve) an d  
ca lcu la ted  d ifferen tia l absorbance (d otted  curve) b y  u se  o f  th e  co n 
cen tra tio n  coeffic ien ts d e term in ed  b y  th e  in teg ra l m eth o d  for d if
fe r en t m ix in g  ra tio s  o f  S 0 2 a n d  N 0 2 (see  tex t) , (a) S 0 2, 105 ppm ; 
N 0 2, 161 pp m . (b) S 0 2, 23  ppm ; N 0 2, 2 1 6  ppm . (c) S 0 2, 8 ppm ; 
N 0 2, 23 1  ppm .

cham ber for pure S 0 2 and N 0 2 in  th e range o f  4 - 4 0 0  
ppm  over a  1-m optical path. The retrieved  concen
tration s agree w ith  th e va lu es m easured  by a cali
brated electrochem ical sensor.
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6. Conclusions
A n altern ative  m ethod lor concentration retrieval in  
DO AS m easu rem en ts on th e  b asis o f param etric in 
tegration  o f th e  d ifferential absorbance equation  is  
proposed. The m ethod is  tested  in  a laboratory gas



rich2/lp-osa/lp-osa/lp0603/lp8004-03a reedj | S=3~ 3/25/03 13:27 Art: Input-1 st mke-s, 2nd low

F ig . 10. L in e a r  r e g re s s io n  o f  t h e  v a lu e s  c a lc u la te d  a p p ly in g  E q . 
(5) to  th e  r e s u l t a n t  s p e c t ru m  ( in s e t)  fo r  t h e  m ix tu re s  (a) S 0 2, 105 
p p m ; N 0 2, 16 1  p p m . (b) S 0 2, 2 3  p p m ; N 0 2, 2 1 6  p p m . (c) S 0 2, 8 
p p m ; N 0 2, 2 3 1  p p m .

F ig . 11 . M e a s u r e d  to ta l  d if fe r e n t ia l  a b s o rb a n c e  (so lid  c u rv e )  a n d  
c a lc u la te d  d if fe r e n t ia l  a b s o rb a n c e  ( d o t te d  c u rv e )  b y  u s e  o f  t h e  s t a n 
d a r d  l e a s t - s q u a r e s  m e th o d  fo r  d i f f e r e n t  m ix in g  r a t io s  o f  S 0 2 a n d  
N 0 2 (see  te x t) ,  (a) S 0 2, 105 p p m ; N 0 2, 1 61  p p m . (b) S 0 2, 2 3  
p p m ; N 0 2, 2 1 6  p p m . (c) S 0 2, 8 p p m ; N 0 2, 2 3 1  p p m .

To expose the method to the cross-interference 
problem, mixtures of these gases with different 
mixing ratios were also measured. A multiple- 
regression analysis applied to the values determined 
by Eq. (6) yields concentration that agrees with the

electrochemical sensor values. Once the resultant 
spectrum is obtained by subtraction of the main com
ponent, the method provides a criterion to identify 
other species that are probably present in the mix
ture that absorb in the same wavelength range.
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