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Abstracts of the lectures on ‘Atmospheric Diagnoatics I’

1at LECTURE - INTRODUCTION TO THE ATMOSPHERE:

Phyasical properties of the atmosaphere:

Layering of the atmosphere, thermal structure, turbulent
structure

(tropoaphere/stratosphere/thermosphere ete,).

Dynamics of the atmosphere, global and regional transport.

Chemical properties of the atmosphere:

Compoaition of the atmoaphere, lifetime of trace gases.

Radiation and photochemistry,

Stratospheric ozone (Ehapman cycle, czone destruction mechanisms)
Tropospheric trace gas cycles, primary and secondary trace gaaes,
(role of free radicala, photochemistry)

Tropoapheric Ozone

Thermodynamics of atmospheric reactiona.

Atmoapheric Aerosols

Znd LECTURE - ATMOSPHERIC MONITORING

Interaction of electromagnetic radiation with atoms and
molecules,
Vibrational and rotational structures of molecular absorption,

Principleas of spectrescopic trace gas mesasurement techniques.
Lambert Beer‘s law.

Categories by phyaical principle
- Abscrption spectroacopy
(U¥/viaible, IR, microwave)
- Emission spectroscopy (thermal emission of IR-, microvave-
radiation)
- Fluorescence/Chemiluminescence (lasser induced fluoreacence,
ajirglow)

Categories by technical arrangement
~- Active methods (LIDAR, DOAS, LIF)

- Passive techniquea (emission spectroscopy, solar
backscatter, solar occultation)

Spectroacopic inatruments

drd LECTURE - SPECTROSCOPIC TECHNIQUES 1

Active ground based applications of spectroacopic techniques
(except LIDAR)

Description of techniques, instruments, applications,

and rasults,

Differential optical absorption spectroacopy (DOAS)
Long path FT-IR apectroacopy,

Tunable diocde laser spectroscopy (TDLS)

"Laser induced flucorescence (LIF)

Sample results

4th LECTURE - SPECTROSCOPIC TECHNIQUES I1
Ground based pasaive remote sensing:

Total column measurements

direct solar visible/UV (occultation experiments, DOBSON
apectrometer etc.)

Twilight observations.

Airglow (atmospheric oxygen banda)

Satellite measurements:

Solar UV backscatter

Limb scanning

Occultation

Measured ‘phenomena’ (trace gas concentration, temperature,
pressure wind speed)

Sample results
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Maasurcmmi‘ of Atmospheric Trace Gases

by Optical Absovption Spectrose op y
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2.6 Measurements of Atmospheric Trace Gases by Long Path
Differential UV/Visible Absorption Spectroscopy

u. Platt®* and D. Perner

Kemforschungsanlage JUlich, Institut flUr Chemie 3, Atmosphirische Chemie,
D-£170 JUlich, Fed. Rep. of Germany

Introduction

Absorption spectroscopic messurement methods for trace gas analysis
have & number of clear advantages over sampling methods, including sbeence
of wall losses, greater specificity and the potential for resl time mea-
surements of several different species with & single type of iustrument.
Nometheleas, only a relatively small number of spectroscopic measurements
of atmospheric trace gases have been reported in the past, using infrared
or UV/visible absorption spectroscopy (Hanst 197!, Tuazon et al. 1981,
Comel]l et al. 1980, Noxon et al. 1980, 1981, Bonaf et al. 1976, Millén
et nl, 1978).

The present paper describes a relatively simple instrument capable of
detecting and measuring a nusber of important trace gases at tropospheric
comoentration levels by observing their structured UV/vieible absorption
features. The absorption is monitored over a long, open air path stretch-
ing several kilcmeters between an ertificial light source and the receiv-
ing system containing the spectrometer. This setup ensures the coverage
of a large air volume by the instrument.
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The Differentisl Optical Absorption (DOAS) Spectrometer

Optical Setup. The basic DOAS system optical setup wonitors the
absorption of atmospheric trace gases contained in a long (~1-10 km) opti-
cal path, it therefore consiats of two separate units (Figure 1):

(1) ‘e light socurce, designed to emit & paraliel beam of light,
free of spectral structure in the wavelength ranges of interest (1.e.,
emitting "white" 1light). This is accosplished by efther using Xe~high
pressure lamps (Osram XBO 450, Hanovia 955C1980) or fincandescent lamps
(L50-240 W quartz iodine) in combination with a "search 1ight" type focus-
aing mirror (0.3 m diameter, 0.25 m focal length) or, in special cases a
frequency doubled CW-dye~laser.

(2) In the receiving unit at the other end of optical path, the
light 1as collected by a Newton-type telescope and focussed into the
entrance slit of a spectrograph. Instruments with focal lengths from 0.2
to 0.85 m equipped with 600-2160 groove/mm gratings are being used,
depending on the required resolution. Also a minicowputer with appropri-
ate peripherals (PDP 11/2 or 11/23) is an integral part of the instrment.

The_Rapid Sconning Device. A 6 to 40 na gsegment of the dispersed

Spectrum produced in the exit focal plane of the spectrograph is scanned
by a series of woving exit slits etched radially in a thin metal disk
(slotted disk) rotating in the focal plane. At a given time, one particu-
lar slit i{s used as an exit slit. The light passing through the exit alit
is received by & photomultiplier tube, the output signal of which 1s digi-
tized by a high~apeed analog-to-digital converter and read by & minicom-
puter. During one scan (i.e., one sweep of an exit alit over the spectral
interval of interest), several hundred digitized signal samples are
teken. Consecutive scans are performed at a rate of approximately 100
scans per second and are signal averaged by the software.

Light berrier
Next siit b/ Current slit __Last slit
; g %
- .
g i
» .o g
e PeC irum § -
Mask =~~~ 7-__"___—:: Mask __ " Fig.2. The "slotted disk" rapid scan-
| Disk movement ning device located in the focal plane
Rimof the disk of the spectrometer

The process of taking cne spectral scan and the interactton of hard-
ware and software thereby is best 1llustrated in conjunction with Figure
2. The central wavelength of the scan s selected by the spectrograph
setting and the width of the scan region by a mask located very close to
the slotted disk. The distance between the slits along the rim of the
disk is alightly larger than the aperture of the mavk, 80 that at any tiwe
no more than one slit is irradiated. As a alit becomes visible at the
left edge of the mask, it 1s detected by an {ufrarad light barrier located
there {(see Figure 2) + and a trigger signal is sent to the computer. While
the slir then sweeps over the spectrum, the computer continuously takes
digitized samples of the light intensity at the current position of the
slit. Thus, one aweep of a slit {s divided tnto several hundred channels,
each sesociated with a wavelength interval several times narrower than the
resolution of the Spectrograph. During each scan, the digitized samples
are added to the corresponding channels in the computer memory, thereby

all consecutive scans are superimposed in the computer
averaged) . B o e (signal

ne

fioishing one scan, the computer waits for the unext trigger
pull.“:o‘ t.i.ntl!.t:ulmn.lzlu next slit (shown 1in dashed lines in Figure 2)
approaching the left edge of the mask. In order to preserve the spectral
resolution while superimposing a large number of individual scans, the
rotational speed of the slotted disk is kept constant to within + 0.1ZX.
The signal variations seen by the computer during a single spectral scan
can be caused by several effects:

{l) The light absorption by trace gasea varies with wavelength.
(2) The light losses due to wirror reflectivities, etc., may vary
L/ ength.

3) :::h o::;:tngf the light source may vary with wavelenagth and
time.

(&) Atmospheric refraction may change with tise (due to turbulence).

(5) Random noise 1s added to the signal by the photomultiplier,
preamplifier and A/D converter.

Since a single scan takes less than 10 asec, the effect of atmospher-
ic scintillations is very small, because the frequency spectrum of atmos-
pheric turbulence close to the ground peaks arocund 0.l-1 Hz and countains
very little energy at frequencies above 10 Hz (Haugen 1973). 1In addition,
typical spectra obtained during several minutes of integration time repre-
sent an average over 10-40 thousand individual scans. Thus, effects of
noise and temporal signal variations are very effectively suppressed. In
fact, even momentarily blocking the light beam entirely (e.g., due to a
vehicle driving through the beam) has no noticeable effect on the spec—
trum.

the very narrow field of view of the instrument (approximately
0.3 l?)“-8 :; L.l 103 steradians), solar stray light levels have been found
to be extreaely low, with the exception of very hazy conditions. In the
latter cases, however, the stray light cen easily .l':e cancelled by fra:
quently interrupting the measurement aund taking a "straylight apectrom
with the telescope pointed beside the light source. Since only an offset
of a fraction of a degree is required, this does not change the amount of
stray light entering the system, which then can then be subtracted from
the total spectrum.

Remsining undesired influences on the shape of the spectrim are eli-
ninated by the mathematical treatment of the spectrum and the way the
information on trace gas concentration is extracted, as discussed below.

Processing of Absorption Spectra

Usually the rar spectra will shew an overall slant caused by slight
variations of lamp output or atmospheric scattering over the observed
wavelength interval. 1In order to remove this overall feature, a polyno-
mial (first to fifth order) is fitted to the spectrum and subsequently the
spectrum is divided by this polynomial. The "narrow” features (extending
only over a narrow wavelength range) caused by trace gas absotrption are
not much affected by the process.

The trace gas concentration C 1is, 2s usual with optical methods,
derived from the spectrum by applying Beer’s law:

C= (log IOII)/(E L) 1)
whera I_ = light intensity without absorption by the trace gas
f = light intensity, reduced due to absorption by the trace gas
€ = ahgorption coefficient of the trace gas
L = length of the light path ,
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Since the true light intensity I, without any sbsorption, cannot be ob-
tained with this method (mee Figure 3), the "differential™ optical density
is used to evaluate the trace gas coucentration. The diffarential optical
density is defined by log 1°/1 where I° 1is the intensity (at wave~
length az} in the absence of athe particulad absorption structure, rather
than in the absence of dny absorption at sll {as indicated by the dashed

line in Figure 3). According to this definition, 1° can be caleulated
from I(ll) and I“!" 0

=i :
.. oy
Io = 1Oy + [1() I(Al)l.“am\l )
Of course, the absorption coefftfcient ¢ has to reflect the sbove defini-
tion of 1~ , accordingly the "differential absorption coefficient” of a

trace gas v?ill generally be lower than the total absorption coefficient at
the same wavelength.

In the practical application of the instrument, the precision of the
measurements is improved by least squares fitting a reference spectrum of
the substance under considerstion tc the observed absorption spectrum,
the scarmed epectral
region, as well as the inforsation contatned in their relative strengths
and particular shapes (the "fingerprint" of the subatance), are used.
This method even allows the deconvolution of overlapping spectra of dif-
ferent mpecies to obtain the concentration of the coatributing components
with good accuracy. Examples of this process will be given below.

Software

The software for the DOAS spectroweter performs three mjor tasks
(Figure &)

(1) The individual spectral scans are eignal avaraged in the compu-
ter memory and displayed on an oacilloscope screen.

(2) System housekeeping (e.g., monitoring signal intenstity, counting
of scans, etc.) 14 carrted out as & "background” task.

(3) A large oumber of mathematical functions cen be applied to the
acquired absorptiom Spectra in order to extract the trace gas concentra-

tions from the spectra. Alwo, spectra can be stored and recalled on mass
storage devices (e.g., disks).

The program is written in MACRO 11 and FORTRAN IV for use with Digtit-
al Equipment PDP 11 computers.

The mathematical functions available for mani

pulation of che absorp-
tion spectra include mleiplication and division by

& constant factor,
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nd subtraction of two spectra, division by s least square fitted
:::;:;:l:, dll'liftin. the spectre in wavelength, change of the vavelfeng:h
scale ("expansion” and "cowpression” of s spectrum), caleulation o 3
differential optical density of an indicated absorption band, Ien; lq::te
Eitting of up to four reference spectrs to a given spectrum, and taking
the logarithm of a spectrum.

ke changing the
In additicn to that, several hardwars functions 11

wavelength setting of the spectrometer or wmoving a filter into the light
path are controlied by the software. All softwsre functions can be exe-
cuted in automatic sequences, thus allowing unattended operation of the
instrument. ’

Detection Limite of the DOAS System

ection limit for a particular substance can be caleulated
leeor:‘;.:; dt.ut equilt:lon (1), Lif the l:liffcrenthl absorption coefficient, the
uinfmum detectable optical density (0D) and the length of the light path
are known. While for a given minimum detectable OD the detection limit
isproves proportionally to the length of the light path, this does not
wean that the actual detection limit always improves with a longer 1light
path. This is becsuse with e longer light path the received light faten
sity I()) tends to be lower, increasing the noise sssociated with the
Reasyrements of I(A) and thus incressing the winimum detectable OD. A few
simple considerstions may clarify this relationship and also allow the
derivation of detection limtts.

The smount of light emitted by s search-light type light source (u;
Tigure 1) varies enormously with power and type of lamp, &8s well as wit
focal length and site of the mirror. However, the size of the light emit-
ting area of the lamp and the focal length of the mirror only affect the
divergance of the besm. Thus the intenatity of thf beam (in W/s1) on;.y
depends on the luminous intensity of the lawp (W/mm?) and the area of the
airror.

Furthermore, the size of the light source imaga projected onto the
eatrance slit of the spectrometer by the receiving system is proportional
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to the size of the light scurce nirror, the focal length of the telescope,
and inversely proportional to the distance L betwesn light source and
recelving system. Nothing is gained by making the light source fmage
larger than the height of the entrance slit, thua for given light path and
slit dimenaions, the maximam usable Iight source mirror sire and receiving
telescope focal length are also determined (and thereby the mirror dia-
meter, aince it has to match the aperture of the spectrometer) .

For a typical DOAS system with an 0.3 m dlameter, 1.8 m focal length
receiving telescope and 0.2 mm entrance slit height, there are no geomet-
rical 1light losses up to path lengths of about 3 km (for longer 1light
paths, the éize of the light source mirror could easily be increased,
8ince an inexpensive metal wirror can be used here). However, in addition
tc geometrical light losaes, light attenuations due to atmospheric absorp-
tion as well as to scattering affect the magnitude of the received 1light
signal:

Ireceived - Isource'exp(*t‘n‘o) 3

where the absorption length L, reflects the combined effects of broad band
atmospheric absorption and Mie- and Rayleigh scattering.

Since the noise level of 4 photomultiplier signal is essentially
dependent on the number of photons received and thus is proportional to
the square root of the light intensity. The eignel-to-noise ratio of a
DOAS aystem am a function of the light path length L can be expreased as:

S/ ~ L exp(-L/21,) (4}

This relationship holda for the case of "no geometrical light losses™ and
Yields an optimum S/N ratio for a light path length L = 2 Lye While there
are no lower limits for L, in the atmosphere (fog), the upper limits are
given by Rayleigth scattering, and the scattering by atmospheric back~
ground aerosol which {ndicate optimm light path lengths (2 Ly) in excess
of 10 km for wavelengtha above 300 nm.

With a typical DoaAs system (using an Xa light source), for wave-
lengtha > 300 nm minimm detectable optical densities of {(3=10) 10”7 (base
10) can be echieved in a few minutes of averaging time. The minimum
detectable 0D can be higher, 1f 1 is necessary to subtract overlapping
absorption features of other species (see below); however, in most prace
tical cases, the detection limits are only slightly degraded, aince over-
lapping bands can usually be removed to 99-99.9%.  Thus, to noticeably
increase the detection limit, the overlapping absorption muat be ~100
times stronger than the absorption under consideration. Table | given
detection limits for a mmber of atmospheric trace constituents, for a 10
km ground based light path and s ainime detectable 0D of 107%. The
detection limits are usually in the part per trillion (ppe} range, and for
studies in polluted air mich shorter light patha (e.2., 1-3.5 im) have
been used. All substances in Table t have already been observed 1in the
amblent atmosphere (Platt et sl. 1979, Perner and Platt 1979, Platt et al,
1980a,b,c, Platr e¢ al. 1981, Harris et al. 1982},
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Table |, Atmospheric Trace Components Observe d by Differential UV-VIS

v.000 AIR (39.2 ppb NOZ) ;.22 - 7.5,7
! A N \f
.995
AIR. NOZ-REFEREMCE SUBTRACTED
.99 _ ‘

Spectroscopy
“DitTerential Detection ]
Wavelangth Absarption N for 10 km Light
Ra Coelfigient Path
Substance l::.] lem?/molec] [at nu] [ppt)
- e A T ] | ST '”
s0, 200-210,290-310 5,1 x 10 \ o0
-20
cs, 200-220, 320~ Y40 fx 10 260
- b
N0 215,226 2.9 % 1078 226 400
"o, 110-500 1ox107"? 3 100
-1
wo, 623,662 1.% x 10 662 0.3
-9 154 10
o, 130-180 422 t0
o, 220-330 s w0t 128 7100
HoHe 250-360 7.8 x 107 30 120
' : - 14° s
o 108 2x 10 308 0.0

%0.3 ﬁ-. spectral resolution; ) ka Light path, minimus detectable 0.D. = 1073;
<0003 nm spectral resolution

ABSORPTION SPECTRA AT JULICH, FEB. 22. 1980

(RIR - NO2) » LD (.Bppb MOMDY

L
S A
Fig.5, Deconvolution process

. / HMO2-REFERENCE SPECTRUN of an air spectrum (taken at
/j\x" e T e /'W Jiillich, Germany, 3.5 km light
\/ \/ path) showing NO;, and HONO

absorption features

i

150 360 320

Figure 5 shows the spectral region from 348 through 378 nm in which
N0, and HONO are the dominant absorbing species. The uppermost trace in
Figure 5 shows the "air” spectrum which is almost sntirely due to NO,.
After the gubtraction of a suitably weighted NO, reference spectrum, the
residual spectrum 1s an almoet featureless trace. The next trace (third
from top, Figure 5) 1is identical to the second, with 10 times expanded
vertical scale. Bere the absorption bands of nitrous acid (354 nm and 368
nu) become clearly visible, agreeing well in poeition and ghape with the
pure HONO reference shown in the lowest trace. 1In addition, the strong,
wide absorption feature at 360 nm is due to the light abscrption by col-
lision pairs of oxygen (03}, (Perner and Plact 1980).

The example in Figure 6 covers the wavelength region from 325 nm to
350 nm, where the most dowinant absorption usually is due to Noa. and
additional absorption features of ozone and formaldehyde are obaerved.
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Ar Spectum, Jich kty 19, 1980 150 ppb NO,

w
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[ nm
£ 0w Fig.6. Deconvolution process of an air spec-
[=4 - .
- trum with overlapping NO,, 04 and HCHO absorp-
0998 CH,0 - Refererce tiors

Fig.?. NOy spectrum (60 ppt NO,) taken at
—_——y — Deuselbach, Germany, 4.8 km light path. The
™ tom] narrow features between 650 and 660 nm are

i due to water vapor

The apectrum in Migure 6 was taken under moderately polluted condi-
tions in Jilich, Germany and shows (from top to bottom) three pairs of
traces: (1) air spectrum and NO, reference spectrum, {2} atr spectrum
with fitted amounts of NO, and HCHO subtracted, leaving the ozone absorp~
tion feature, and a pure ‘ozone reference spectrum, (3) air spectrum with
fitted amounts of NO, and dzone subtracted, leaving the formaldehyde
absorption features ag compared with a pure formaldehyde reference spec—
trum.

In practice, of course, the concentrations of all three contributing
apecies (noz. 03, HCHO) are obtained in one step by simultaneously fitting
the reference spectrs to the air spectrum. The procedure shown in Figure
€& of partial subtraction of features, however, provides a good test of
whether the fit works properly and alsc shows, in this case, that no other
absorptions are present in the spectrum, ’

The last example (Figure 7) shows one absorption line of the nitrate
radical (NO;) at 662 nm. Here the feature is already clearly visthle in
the atr spectrum (taken at Deuselbach, Germany). However, some overlap
occurs with strong water bands in the 650 to 660 nm range. Sfnce the ni-
trate radical concentration is extremely lov at daytime due to its rapid
photolysis (Magnotta and Johnston 1981), a daytime spectrum can be taken

a8 a reference to ratio out the water lines, as shown in the lowest trace
of Figure 7,

The application of the DOAS system to studies of trace pollutants snd
atmospheric conatituents in the Los Angeles Basin {as described in a com
panion paper (Harris et al. 1982).

Conclusion

In several years of practical use for the measurement of smbient

trace gas concentrations, DOAS systems have been proven to be reliable and
adap_table_ inat_ruments- Continuing efforts to improve the system are aimed

Deuselbach UBA - Station NO, 60 ppt

using a folded path (White optical system) and the expaasion of the number
of detectable trace constituents. Atmospheric componenta likely to be
detectable by DOAS {nstruments, 1in addition to those already observed,
include benzaldehyde, Czl-lz, NHy and the C10 radical.
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Introduction doegni
 d R

In recent years, atmospheric chemists and air pollution reseaichiry’
have incressingly looked beyond the “criteria™ pollutants (Lie., thoﬂé-,"fot‘f"
vwhich air quality standards have been established) such as ozone (0,3
nitrogen dioxide (l!Oz), sulfur dioxtde (802) and carbon wmonoxide (. Yodkic
Thus, interest has grown in the unambiguous identification and uasutnﬁﬁ",\'
of such species as nitric (HNO.) and nitrous (HONO) acids, fomldbhyd*k{;.
(HCHO), the nitrate radical (NOy), the hydroxyl radical, ete. Of pm:i;'i.m'*ﬂ\'?
lar concern have been the trace nitrogenous species and the need to upuﬁq‘
their roles in the chemical cycles of the clean and polluted troposphire,’:’
a8 well as their impacts og biological systems, including human healeh. la}&"’?

vegetation. Recently, the eserging iasue of nitrogencus "acid raiu'!-'h'aﬁ}_'l_‘;

accelerated interest in these compounds. A e )

ments with the requisite speci
ficity and sensitivity. The Bmeasurement of stable compounds and radicl‘fi%'.'
iotermediates, which may be present at part per trillion {ppt) to part’ 'L::';m
billion (ppb) concentrations i{n the complex atmospheric system, presén'u"-ﬂ.‘ﬂ
challenging analytfcal problem. Beginning in the uid-1970a, reaearcherﬂ'.
at the Statewide ALr Pollution Research Center (SAPRC) undertoock a progres.’
designed to esatablish the temporal and geographical distribution of trmes i
pollutants in the Los Angeles atir basin. This iovestigation was orig!hl@“v}
ly based on the application of kilometer pathlength Fourier transfo o
infrared (FT-IR) spectroscopy using a Michelso ced{'
to an eight-mirror multiple reflection cell with & base path of 22.5 &
(L,2). That system yielded the first spectroscopic detection of HNO,': lnﬁ}':
HCHO 1in the polluted troposphere, as well as detailed aimultaneous u--t.'.ﬁf'?-‘
surements of ambieat conceatrations of formic acid (RCOOR) , peroqacetyl"h.‘
nitrate (PAN), ammonis and 03 (1-4). ek

Since 1979, we have utilized a gecond long path technique to ¢ ML

ment our FT-IR studies. Thia technique, differential opticag (W/vlml)-p;‘
absorption Spectrometry (DOAS), was initially developed by researchers at..
the Tosticut fir Chenie, Jilich, West Germany (5,6). A detailed dencrip-l';
is given 1in a companion paper (7). BHere ve des~

ment of trace nitrogenous pollutants in the Los Angeles airshed. Enphasis
will be given to our Secasurements of HONO and NO4, two species which have -
been included in models of the chemistry of the atmosphere for sany years
but which we have only recently characterized for the first time {n the
polluted troposphere using the DOAS technique (8-10).
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DOAS Field-Study Methodologies

In any pro .al_\f;fgtnospherlc monitoring, the technology employed
sust be practical'iin’ £:£{eld environment. Thus, for example, wet chemical
methods for analyzing air pollutants may be reliable in the laboratory but

generally suffer  from _q,“:"nunber“of dravbacks when applied to atmospheric
aedsurementa. I ‘a spécific procedure {s required For each of several
atmoapheric epecim; tifV<de ' udiikely that rapid, simultaneous, multi-~
component data segni#ibfow will be possible. Moreover, the time required
for analyses wﬁ#ﬁ'iuﬂg-*@ompared to the characteristic times for changea
in the concentratios b, ihe specles under stwdy and hence only "averaged"
rather ‘than udyw_ﬂm‘,ﬁ.uog will be availsble. Finally, the probleam
of inihtferencesflue 8¢ ‘gas phase or particulate co-pollutants may be
serlo‘lﬁ;’:'; or both ' ?Eﬁhw:al and wet cheoical analyses.

ad band {d@:‘-éﬁﬂgahle narrow band) bptical absorption techniques
such &K/DOAS (apd’ WYRIB MgpdWgToBcOpy) offer the advantages, by comparison
with ‘fongotical skehniies, of very rapid data acquisition and data reduc-
tion &nwell as huividi ‘the potential for making multi-component messure—
aentsl, ¢ The taﬂa .sigi\,t'l-_-averu!.ns rate (7) of the DOAS technique in
particelar, ensur qf:}ppﬂif.;pqnphhric scintillations are averaged out and
there {& theretobs:hg-nbit tb siaclose an air mass before suslyais. Thus,
labile ‘dpecies, of HRU¥. fn rdpid photo-equilibrium, can be effectively
studied yith the DOAS dysten.

DO field ;n_ndwwin a‘ﬁ{}icable to a wide range of atmospheric
condiciohs. Thes$!¥nc¥udd very plean background air measurements of, for
exampLé, ¢ HCHO  atds: ¥ 2 ¥{9) where optical pathlengths of » 10 km may be
euplo;!H":] 85 well ag‘ibeaBurements in extremely polluted air for which
pathledgths of & fev hundred weters or less may be adequate. Thus, the
criter{s - for pnl:ﬁl;gg'*‘nﬁ;:”hcuon are primarily the sensitivity required
for d;ipecifiql%sﬁ”%'m.nt and the extent of broad band atmospheric
extinciien. ZE "

lh:;“' intenl";ty”;'.hdrz arc xenon light sources provide useful photon
fluxesiif the specttel "thgion from ~200 nm to > 700 nm. However, at the

short wayelength énd.8f this region, molecular scattering limits the maxi-

mun pathlength ussable kyén in very clean air to < 1 km. At longer wave-
lengths (e.g., ~350 Wu), scattering from particles in smoggy alr also
restricts the max{ ';','].-;ght path. Fortunately, poor visiblity due to
scattering from part /EJ( . is usually asscclated with elevated levels of
the nit¥ogenous ‘pollutaufe and other species of interest and sufficient
sensitfVity 1s therefdfie-st1ll available for monitoring studies in photo~
chenical™ air pollutioniepisodes. Figure | 1llustrates the use of twin
light "sources at ‘. 'mandtoring site employed for HONO studies described
below. ":Twin light: solt#éé not only provide some degree of spatial resolu-
tion but allow measuredénts to be conducted over a wider range of visi-
bilicy conditions-at the site.
g,

Figure 2 11mltrg§%}the mobile field laboratocy presently in use for
DOAS atudies at SAPRC,'A wonitoring site can be quickly established by
one or two workers and thé¢ spectrometer system and assoclated instrumenta-
tion are as far as pou:sihle under automatic coutrol, requiring only {nter-
nittent attention (once, dvery 24~48 hours) by the operator. The collect-
ing mirror shown in Figure 2 is under servo control of the DEC 11/23
sinicomputer and dynasmically maintains correct alignment for accurate
viewing of the remote 1ight source. In principle, reference spectra could
be automatically acquired by rotating short (10 cm) absorption cells iato
the light beam at appropriate intervals, although at present this task
mst be performed by the operator. .
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Fig.2. Mobile van containing DOAS system snd associated instrumentarion

absorber may be performed Automatically as described in the compa
paper (7) and time-resolved optical density/concentration data ol?::u:i::
mass storage and/or an X-Y fecorder. Since not all the apecies of inter-
est i{n a particular atudy have sbaorption structure in the smme 40 nm
wavelength region which the DOAS may monitor 4t any one time,
trometer {g equipped with g stepper motor wavelength drive which sy be
directed by the Computer to travetse the central wavelength pointer
between regions of interest in a programmmble sequence.

The following sections describe selected monttort
ng studies carried
out with our DOAS instrumentation over the last two years in southern
California and illustrate the chemical iosight which may be obtatned by

such rapid similtanecus wlti-component i
S u"": . mpon Ronitoring of clean and polluted

Measurements of the Nitrate Radical
———————xd 0L the Nitrate Radical

Due to their free rad{cal Structure, NO and NO usuall
y referred to
collectively an “llox." are active in many utmaphezr.:lc trace gas cycles.
However, 1in order to understand the cheafcal cycles of NO and uoz. the
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chenistry of & number of other nitrogen compounds, which play & role in
the production, storage, conversion and sink mechanisms of NO_ have to be
investigated as well. These species include the nitrate raﬁlcal (N03),
the nfitrogen oxyacide (muoz and mco,) snd the anhydride of nitric acid
(N 05). The chemical cycles and resction sequences involving the chem~
istry of these nitrogenous species (both during the day and at night) are
complex. Since 05 is usually present at night, NO 1s rapidly converted to
NO, which in turn can react mlowly with 0, to foram N03. The nitrate radi-
caf is itself in equilibriuam with N Og. ahile the homogeneous teaction of
N,0g with water is known to be very slow (L1}, the hererogeneous hydroly-
sin of H,0, may be & major loss mechanism for NO, at night and hence &
potentuﬁy important nighttime source of HNO, (and acid rain).

Gy ATATE wavERItY Cdn et
LO% ACELEY

L8 TR IONAL
Wi

Fig.3. A portion of the Los Angeles airshed including the Riverside,
Claremont and downtown Los Angeles sites used in DOAS studies. Not shown
is a desert site (Whitewater Hill) ~175 ¥m due east of Los Angeles

Evidence for this mechanisns is provided by our weasurements of NO
time-concentration profiles at four sites in the Los Angeles airshed sinca
August 1979. Studies were conducted at Riverside, Claremont and downtown
Los Angeles (see Figure 3), sites usually experiencing air of compara-
tively high humidity, as well as at a desert site (Whitewater Hi1l uorth
of Palm Springs) which generally experiences low relative huniditins. Our
first weasurement program wes carried out on a total of 15 days in August
and September 1979 at Riverside and Claremont, using 970 and 750 m optical
paths, respectively. Nitrate tadical concentrations as kigh as 355 ppt
wvere observed in nighttime measuresents made at Riverside during an atir
pollution episcde which persisted from September 11 to 19.

Flgute 4 shows the development of the 623 and 662 nm NOy bands (moni-
tored alternately in 10-minute intervals) on the evening of September 12,
1979. In both wavelength regions, wvater vapor absorption lines have been
cancelled by subtracting early-morning reference spectra taken ac times
with no ozone (and therefore no H03) present. Both the shape and position
of the obaserved bands agree very vell with NO4 reference spectrs obtained
by placing a & cm cell filled with a mixture of 0O, and NO, in the light
beam, and with the apectrum reported by Graham and Johnston iw.
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The concentration—time profile derived from the spectra given in
FPlgure 4 4s shown in Figure 5 along with the corresponding NO, and O
concentrations. Prior to sunset the N concentration was below the
detection limit of -5 PPt due to the shart photolytic lifetime of the
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nitrate radical (13). After sunset (~1800 PDT), the NO, concentration
rose rapldly, peaking at ~2000, and then declined to levels below the
.detection limit after midnight. Similar behavior was observed on many
other nights during this study at Riverside and Claremont. The detailed
data from this investigation have been reported elsewhere {8).

Another extended met of measurements of ambient NO, concentrations
was carried out at a desert site (Whitewater Rill) ~170 east of down-
town Los Angeles. These measurements yielded similar peak concentrations
(up to 214 ppt) to those observed in the Riverside/Claremont study. How-
ever, the concentration-time profiles typically observed at Whitewater
H1ll (see Figure 6) were very different from those previously measured.
In particular appreciable RO, concentrations were present throughout the
night until dawn when the Na:, concentration rapidly decreased to levels
below our detection limit (14)%

Taken together the results from these studies findicate that under
conditions of high humidity (» 70%) the lifetime of the nitrate radical is
very short (< | min) presumably due to the reaction of N,0. with wet aero-
sol surfaces. On the other hand, for relative huaidities below ~30% RH
lifetimes as long as ~1 hour occur. Although lifetimes of N03 a8 short as
~1 hr could result from low concentrations of NO at the site, we are able
to rule out this poesibility using the mlti-component monitoring capa-
bility of the DOAS technique. Specifically, 1f sufficient NO were present
at the site to account for the observed No; lifetime, then a large
increase i{n the llo2 concentration (due to the parallel reaction of N0 with
03) would have been observed with the DOAS aystem. Since this was not the
case, we must conclude that a one~hour lifetime cannot be explained on the
basis of our preseat understanding of ll(l3 chemistry, suggesting that under
dry conditions unknown sinks for N0, &re operative (see Platt et al.
(L3). Similar conclusions have also been reached by Noxon et al. (16).

Measurements of Nitrous Acid

The importance of nitrous acid arises not only from its role as pre-
cursor for hydroxyl radicals, a key radical intermediate in photochemical
cycles in both the clean and polluted troposphere, but also due to 1its
facile reaction with secondary amines to form carcinogenic nitrosamines

wn.

HONO £8 thought to be formed by two major pathways, the recombination
of OH radicals with NO
M
OH + KO + HONO 1)

and the direct reaction of nltrogen oxides with water
NO + NO, + H,0 + 2 HONO )

NO, + noz + azo + HONO + HNO (3)

3 3
The latter reactions may proceed either homogeneously or heterogeneous—
ly. Reaction (1) proceeds only when significant concentrations of OH
radicals are present {1.e., esseatially only during daylight). However,
the HONO conceatrationa during daytime are very low, due to ite rapid
photolyais, and correspond to a lifetime of ~10 min (8). At night in the
absence of photolysis, higher concentrations of HONO can accummulate.

In a series of DOAS messuresents beginning in the smmer of 1979 at
Riverside, Claremont and downtown Los Angeles, HONO was identified and
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S0 T TR Actection lait within approximates
1y two hours.

Tals rapid photolysis of HONO gt sunrise produces 0OH radicals,
resulting in an ~2 hr "pulse” of radicals at time when other sources of
OH (e.g., 04 and HCHO photolysis) are wesk (9). Thus, HONO photolysis at
sunrise can considerably accelerate the formatfon of photochemical air
pollution end, in order to correctly model photochemical smog formation in

urban airsheds, it 1s clearly necessary to havs reliable data concerning
HONO concentrations in the early morning hours.

3
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Fig.7.

SUNRISE 1°% fTiles of Hono and KO3, 4-5 py-
wesens | | awsem | ‘ gust 1979, Riverside, Califor
20 172 3 45 8 T8 50 nia (9)

TIME OF DAY (PDT}
Conclusion

During the past two years, the DOAS technique employed by researchers
from the Institur fie Chemie (Jdlich) and the University of California
Statewide Afr Pollution Research Center (Riverside) has proven to be g
versatile and powerful tool for practical studies of ambient concentra-
tions of such eritieal species as HONO, m3 and HCHO under a wide variety
of atmospheric conditions. The DOAS system has also been used to meaaure
the concentrations of the criteria pollutants 03. 802 and l!()2 in clean and
polluted atmospheres over long pathlengths, in some cases in a wore infor-
mative and cost effective manner than possible with point monitors.

In principle sany other pollutants and atmospheric species which have
structured absorption Bpectra in the UV, vigible and near-IR regions can
be identiffed and measured with the DOAS syatem. FEfforts are underway 1in
our respective laboratories to extend the applications of this instrument
to other studies of the cheaistry of the clean and polluted troposphere.
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