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Measurement Techniques in
Gas-Phase Tropospheric
Chemistry: A Selective View of
the Past, Present, and Future

Howard K. Roscoe* and Kevin C. Clemitshaw

Measurements of trace gases and photolysis rates in the troposphere are essential for
understanding photochemical smog and global environmental change. Chemical mea-
surement techniques have progressed enormously since the first regular observations
of tropospheric ozone in the 19th century. In contrast, by the 1940s spectroscopic
measurements were already of a quality that would have allowed the use of modern
analysis techniques to reduce interference between gases, although such techniques
were not applied at the time. Today, chemical and spectroscopic techniques comple-
ment each other on a wide range of platforms. The boundaries between spectroscopic
techniques will retreat as more Fourier transform spectrometers are used at visible
wavelengths and as wide-band lidars are extended, and combining chemical techniques
will allow detection of more trace gases with better sensitivity. Other future developments
will focus on smaller, lighter instruments to take advantage of new platforms such as
unmanned aircraft and to improve the effectiveness of urban sampling.

Modern tropospheric chemistry is the study
of oxidants (O3, OH, H,0,, HCHO, HO,,
and NOj3), gases that can be oxidized (hy-
drocarbons and sulfur compounds), oxida-
tion products (carbonyls and organic ni-
trates), and the interactions of all of these
with aerosols and clouds. Tropospheric
chemistry is receiving particular attention
today because of the widespread occurrence
of photochemical smog in the Northern
Hemisphere, which is often observable at
considerable distances from the sources of
pollutants. Effective pollution abatement
strategies must be based on a detailed un-
derstanding of the causes and effects of
pollution. We must be able to predict the
three-dimensional evolution of the chemi-
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cal composition of the troposphere, on spa-
tial scales from the urban to the regional
and eventually to the global. In order to
define the initial state of the system and to
validate model predictions, measurements
must be made on each of these spatial
scales. Tropospheric chemistry also presents
different challenges and issues according to
geographical location and altitude. These
challenges have been met by deploying a
wide range of instruments on different plat-
forms. The limitations of these platforms
have influenced sensor design in the past
and will do so more vigorously in the future.
There is a wide range of techniques for mea-
suring tropospheric trace gases in ways that
are appropriate to the different spatial scales.
Because of their substantially different heri-
tages, we make a broad distinction between
spectroscopic absorption techniques, which
observe over horizontal path lengths of 3 to
10 km or in a cell with mirrors to fold the
path, and more localized chemical tech-
niques, although this distinction is blurred in
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the case of spectroscopic sensors, which
stimulate fluorescence from a small volume
of gas. The spectroscopic techniques can ob-
serve over sufficiently short path lengths to
be applied to the urban scale, so the distinc-
tion from chemical techniques is one of her-
itage rather than of applicability. Because
photolysis initiates much of the chemistry of
oxidants, it is also important to measure the
photolysis rates of trace gases. Techniques
for measuring photolysis rates share much of
a common heritage with techniques for gas-
phase measurements.

Here we present a selective review of
techniques for measuring tropospheric trace
gases and photolysis rates and give our view
of future directions. Although we recognize
their importance in improving models and
defining their boundary conditions, lack of
space forbids discussion of measurements of
fluxes of trace gases. Similarly, measure-
ments of aerosol and cloud chemistry,
which are important for global tropospheric
chemistry (though less so for photochemi-
cal smog), are also omitted. Their tech-
niques differ substantially from those of gas-
phase measurements and are a major subject
in themselves. Some recent reviews deal
less selectively with measurement tech-
niques (I, 2).

The Past

The earliest tropospheric oxidant to be
measured was ozone (O;), which was rou-
tinely observed at over 300 sites in Europe
and the United States between 1850 and
the early 1900s. This massive interest was
stimulated by the supposed ability of O; to
reduce epidemics, particularly of cholera,
and by its general association with health,
an idea now known to be mistaken, because
O; is toxic. The measurement technique,
pioneered by Schonbein, used papers cov-
ered in a paste of starch and KI, which is
turned blue by O,. After 12 hours of expo-
sure, the amount of O; was deduced by
comparison with colors on a test chart.
These “Schonbein papers” were also affect-
ed by other oxidants and by humidity and
sunlight, but a quantitative revision of the
data from many sites has been possible (3)
because of simultaneous measurements of
O, with Shonbein papers and a more dis-
criminating method using arsenic potash at
Montsouris Observatory near Paris, begin-
ning in 1876. This comprehensive revision
concluded that the average amount of sur-
face O, in Michigan in the late 19th cen-
tury was between about 16 and 20 parts per
billion by volume (ppbv), which is much
less than today. Similarly small values were
found at Montsouris when the more reliable
technique was used.

By 1912, absorption of ultraviolet (UV)
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light was being used to measure O; in the
laboratory (4). Because extinction (scatter-
ing) by air molecules is proportional to
wavelength ™, extinction is greater in the
UV than in the visible. Despite the difficul-
ty this creates for atmospheric UV measure-
ments, Strutt (5) concluded that there was
less than 27 m atm cm of O; in a 4-mile path
at night (42 ppbv); our own estimate by eye
from his photographic plates suggests 20
ppbv, which is consistent with the Mont-
souris measurements. By 1934, classical
spectroscopic measurements had improved
to the excellent quality of the spectrum of
O, (6) reproduced in Fig. 1. Measurements
of this quality would be considered out-
standing even today. They have better
spectral resolution than some current
spectrometers that are in routine use for
wide-bandwidth tropospheric measure-
ments, because the grain size of film is
much smaller than the pixels of modern
array detectors, although their overall sizes
are comparable.

A similarly high quality was achieved in
infrared (IR) spectroscopy by the 1940s. IR
spectra of the sun at 1 cm™! resolution were
used by Adel to identify atmospheric N,O
(7) and by Migeotte to identify atmospheric
CH, (8). These workers were concerned
with identification rather than with quan-
titative measurements—it is typical that
Adel’s comprehensive atlas of the solar IR
spectrum (9) did not list solar angles. How-
ever, spectral quality was quite sufficient for
quantitative determinations, and we were
able to make a simple correlation with N,O
spectra (7) by eye. This gave the expected
0.3 parts per million (ppm) if the sun was at
45°. By 1949, rivalry between Adel in Ar-
izona and Migeotte in Ohio led to conflict-
ing claims about absorption by CO at 4.7
pwm (10, 11), which would now be ascribed

to industrial Ohio versus clean Arizona.
These earliest spectroscopic measure-
ments in the UV and IR were not analyzed
quantitatively; this was no doubt partly be-
cause of the lack of computers, but there
seem to have been no attempts at analysis
by hand. It seems that the ideas behind
least-squares fits were absent. However, we
must emphasize that the spectra were of
excellent quality, clearly sufficient for mod-
ern line-by-line and differential optical ab-
sorption spectroscopy (DOAS) analysis.
After the rapid development of electron-
ic devices in the early 1940s, photomulti-
plier tubes replaced film as detectors. Be-
cause each tube could only detect a single
wavelength at any one time, signals were
often detected at only two wavelengths.
Later, more wavelengths were added by cor-
relation spectroscopy, in which a photo-
graphic replica of the inverse of the spec-
trum of the gas of interest replaced the exit
slit (NO,, SO,, and CO were measured by
commercial instruments). Gas-correlation
spectroscopy worked on similar principles,
but instead of a grating, a cell filled with the
gas of interest and an empty cell were used
to obtain the inverse function (12). These
techniques increased the signal and reduced
interference between gases, but were limit-
ed to the target gases; information about
other gases was lost. Although many useful
measurements were made by such special-
ized instruments, resources might have been
better directed at improving and deploying
wide-band instruments. For example, in the
1950s, Migeotte measured solar spectra
from the Jungfraujoch at 3580 m in the
Swiss Alps, enabling the amount of CH,, in
the atmosphere to be deduced (13); reanal-
ysis of these and more recent spectra en-
abled Ehhalt et al. to deduce the trend in
CH, and in C,Hg (14), illustrating the

Fig. 1. (A) UV absorption
spectrum  of  oxygen
measured at night onthe
glacier below the Jung-
fraujoch observatory in
1933, from a hydrogen
lamp at the observatory
(6), measured to enable
the bands of oxygen to
be assigned. After devel-
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microphotometer, so that signals were in electrical form (reproduced courtesy of Revue d’Optique,
Masson Editeur). (B) UV part of the absorption spectrum from a modern instrument routinely used for
tropospheric measurements by DOAS analysis (courtesy of J.-P. Pommereau and F. Goutail), relative
to a quadratic line to compensate for wavelength dependence of its xenon lamp and so simplify the
plot. The resolution of the modern spectrum is limited by the array detector if a wide bandwidth is to

be achieved (see text), but it is quite sufficient for
shown in Fig. 2B. Comparison between the spect

measurements of most tropospheric absorbers, as
ra shows that the quality of the 1933 spectra would

have been more than sufficient for modern DOAS analysis, if computers had been available for the

analysis.
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importance of wide-band spectral measure-
ments, whereby advanced analysis tech-
niques can be applied many years after the
measurement was made. Unfortunately, no
comparable open-path UV-visible measure-
ments were made that might now allow us
to deduce the amounts of, say, tropospheric

NO; in the 1950s.

Present Spectroscopic
Techniques

When compared to the classical spectro-
scopic techniques for tropospheric chemis-
try described above, the major improve-
ments in today’s sensors stem from the de-
velopment of analytic techniques for the
quantification of trace gas amounts in ab-
sorption spectra, and from the development
of lasers as active IR and visible sources. Of
these analytic techniques, DOAS (2) is of
overwhelming importance, and we discuss it
here in detail. We then review the active
techniques that are currently in use and
show how they are related or are becoming
related to DOAS.

In the usual implementation of a system
that uses DOAS analysis, a lamp illumi-
nates a spectrometer and detector, which
measures the absorption by the atmosphere

between the lamp and the spectrometer.
This absorption is analyzed to determine
the amounts of trace gases in the atmo-
sphere. DOAS is an analysis technique in
which first, the spectrum is divided by the
spectrum of the lamp with no atmospheric
path, to derive the spectrum of the optical
depth; second, a high-pass filter in wave-
length space is applied to the spectrum of
the optical depth; and finally, cross-sections
of gases are least-squares fitted to this opti-
cal depth to determine their amounts. In
the usual filter implementation, the differ-
ence between the measured optical depth
and the same spectrum after smoothing is
taken, and therefore the filtered optical
depth is commonly called the differential
optical depth. It is immune to details of
molecular and aerosol scattering and to the
spectral shape and calibration constants of
the lamp and spectrometer.

If these spectral shapes are smooth, as for
a tungsten rather than a xenon arc lamp,
the spectrum of the lamp without atmo-
sphere need not be measured. This is par-
ticularly important if the lamp is a broad-
band laser, because the measurement with-
out atmosphere must necessarily be made in
the near field of the laser, where the sample
may have a different spectral response than

in the far field after passage through the
atmosphere (15). In some measurements of
OH (16, 17), this problem is elegantly
avoided by using a laser with pulses of pi-
cosecond duration, resulting in a smooth
spectrum because of the uncertainty princi-
ple. The pulse frequencies are sufficiently
high that the detector cannot observe indi-
vidual pulses, so that the signal appears
continuous.

We must emphasize that DOAS is an
analysis technique, which takes place in the
computer after measurement. DOAS is not
specific to instrumental details such as the
type of detector, spectrometer, or lamp.
Modern systems use detectors with many
elements (array detectors) to observe the
whole spectrum simultaneously; this was
also achieved by film in some of the earliest
implementations using DOAS analysis
(16), but other early DOAS results were
produced by scanning the spectrum, using a
single photomultiplier as a detector (17,
18). Measurements by DOAS analysis have
even used lamps with very different spectral
characteristics [xenon (19) and tungsten
(20)] for the same gas (NO,) at the same
wavelength (662 nm). DOAS is also not
specific to the path of the observation: Usu-
ally, a long open path with a nearby lamp
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A B
500 ppbv O, — g 2 ' ‘
o 7 x E
100 ppbv 0, ‘g’ 1E
2ppbv O 5 of
] 3
50 ppbv HCHO «© E
L Mﬂ.ﬂ . £ 4E
2 ppbv SO, a E
- % - 3 Il 1
5ppvaONO~ M | 24:.....
-
5 ppbv NO, /W z 2k
- . g
0.2 ppbv  BrO b4 [ M A
i | = o p Al
0.2 ppbv  NO, p é v
] £
a

0.005 ppbv ~ OH | |

2k

300 400 500

Wavelength (nm)

Fig. 2. (A) Spectral ranges in UV-visible measurements of tropospheric
gases. The vertical axis is the optical depth of the listed volume mixing ratios
in a path of 1 km; tic marks are at intervals of 1% in optical depth. Signals
under smooth lines drawn through such spectra are discarded by DOAS
analysis in pursuit of immunity to extinction (scattering) by air molecules and
aerosol. Inthe mid-IR, aerosol and molecular scattering are much reduced,
and gaseous absorption usually occurs in vibration-rotation bands with no
superimposed continuum, so that DOAS filtering is unnecessary and the full
signal is usually used; selectivity is maintained by correlating with spectra
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calculated from a line list of gaseous absorbers, commonly referred to as
line-by-line analysis. (B) Differential optical depths (that is, after DOAS
filtering) of part of a spectrum from a modern wide-band instrument (a different part of the raw spectrum is shown in Fig. 1B). Each plot shows two lines: the
measured optical depths after subtraction of calculated optical depths due to other absorbers, and the optical depths calculated from the least-squares fit to
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and a distant retroreflector (15) is used, but
a distant lamp or a shorter open cell with
mirrors for mutiple relections of the beam
(21) (commonly called a multipass cell) or
a closed multipass cell can also be used.

In all but the most stable of spectrome-
ters, the wavelengths at which the detector
samples the spectrum of the lamp with and
without atmosphere are not identical, so
that one spectrum must be interpolated
onto the sampling grid of the other before
division. Interpolation errors then force a
compromise between sampling ratio and
bandwidth (22), so that with wide-band-
width instruments minimum detectable
amounts are compromised in favor of mea-
suring more constituents, which is appropri-
ate in polluted atmospheres with larger
amounts of absorbers. Pommereau and co-
workers increased bandwidths to cover the
range from 250 to 500 nm (23), so that O,
NO,, SO,, H,O, and various hydrocarbons
could be observed simultaneously (Fig. 2)
by using an array detector that observed the
whole spectrum simultaneously—a single
detector that scanned over such a wide
bandwidth would observe each wavelength
too briefly, resulting in a worse signal-to-
noise ratio (24). By contrast, bandwidth
was sacrificed for better signal-to-noise ratio
in DOAS measurements of OH at 308 nm
(15-17). Because all available OH lines
occupy less than 1 nm, a laser source can be
used, which improves the power in the use-
ful bandwidth.

In the IR, there are few array detectors
because semiconductors other than Si have
to be used at these longer wavelengths.
Hence, tunable-diode laser (TDL) systems
are favored over broad-band lamps. Noise in
IR detectors is less at higher frequencies, so
that frequency modulation or a high-speed
sweep of the TDL is used to reduce noise.
Modulation supplies high-pass filtering; such
a modulated system can be understood as a
DOAS system except that filtering takes
place within the instrument instead of the
computer. This method is less flexible than
conventional DOAS because alternative fil-
ters cannot be tested after the measurement
has been made. In contrast, a high-speed
sweep allows a post-measurement choice of
DOAS or non-DOAS analysis.

Many TDL systems favor multipass cells
over long open paths, so that the pressure of
the sample can be reduced, thereby narrow-
ing the pressure-broadened lines and in-
creasing the selectivity for each absorber.
When systems are operated at ambient pres-
sure, multipass cells are still favored because
modulation may coincide with fluctuations
in the atmosphere. An innovative way of
avoiding modulation while using a long
open path was adopted by the light detec-
tion and ranging (lidar) method at Stanford
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(25) before eye safety became an issue. The
target was topographic (a building or hill),
and by sweeping the tunable IR oscillator
and analyzing simultaneously for CO, and
H,0, the DOAS principle was maintained
(26).

In the mid-IR, extinction by air mole-
cules is smaller (the wavelength is larger),
so there is no advantage from DOAS anal-
ysis. Fitting to the full rather than the fil-
tered spectrum allows one to observe a
greater absorption signal (this would also be
true in the visible, as can be seen by inspec-
tion of Fig. 2). Such line-by-line fits are
widely used when determining the total
tropospheric column of an absorber from
solar spectra, where IR measurements have
another advantage over the visible: In the
visible, absorption by the sun’s atmosphere
(Fraunhofer lines) interferes so that the ra-
tio of high to low sun must be measured,
whereas in the IR, the solar lines can be
distinguished within one spectrum because
of their higher temperatures and resulting
greater width. Only modest spectral resolu-
tion is needed, because lines are pressure-
broadened to about 0.1 cm™! at 1 atm.
With a resolution of 0.01 cm™!, a vertical
profile with resolution of 5 to 7 km can be
retrieved in the troposphere. A Fourier
transform spectrometer (FTS) is usually
used, whereby the whole spectrum can be
measured simultaneously. The compact
FTS is now also used in IR measurements
with a lamp as source. Simultaneous mea-
surements of CO, CH,, and N,O can be
made with excellent precision (27), and an
airborne FTS has made measurements from
2650 to 600 cm™! with a resolution of 0.36
em™! (28). A small bench-top FTS can
now measure wavelengths from 15,000 to
30 cm™! with a resolution of 0.15 em™%.

Progress in measurements by lidar has
followed that of measurements with con-
tinuous light sources. In lidar, a short pulse
of light is emitted upward, and light from
the pulse that is scattered downward by
the atmosphere is detected as a function of
time after the pulse. The time is propor-
tional to the distance traveled by the
light, so that one can deduce the vertical
profile of the product of the density of the
scatterer times the absorption between the
source and the scatterer. In the late 1960s,
lidars were single-wavelength and were
used to measure aerosols. Later, dual-
wavelength lidars, termed differential ab-
sorption by lidar (DIAL), measured O; in
the UV (29, 30), and more wavelengths
were added to measure more gases (26).
Conventional analysis uses the DIAL
equation, whereby ratios of signals at suc-
cessive ranges cancel atmospheric scatter-
ing and instrument functions, but this re-
lies on total overlap of output beam by the

receiver and on lack of discontinuity in
aerosol scattering (no thin clouds). Re-
cently, broad-band lasers have been com-
bined with classic DOAS analysis to mea-
sure H,O (31): This innovative and pow-
erful analysis technique is still valid when
thin clouds are present and with partial
beam overlap.

Present Chemical Sensors

Many chemical sensors measure tropospheric
trace gases that cannot be measured by spec-
troscopic sensors. When the same gas can be
measured with the use of either approach,
they can have very different sources of error.
If so, then intercomparison can improve
confidence in the accuracy or in the detec-
tion limit claimed by either.

Chemical sensors may be considered in
several groups. Chromatographs separate
trace gases that are present in ambient or
preconcentrated air in a capillary, after
which the gases are detected in a variety of
ways, often with selectivity regarding types
of compounds. Chemiluminescent sensors
observe light emitted at specific wave-
lengths from the reaction of the desired gas
with another gas or liquid. Peroxy radicals
can be measured by chemical amplification,
whereby NO and CO are catalytically con-
verted to NO, and CO, via cycling be-
tween OH and HO,. Peroxy, peroxy acetyl,
NO;, and other radicals can also be isolated
in a matrix of D,O-ice formed at cryogenic
temperatures, followed by analysis of the ma-
trix by electron spin-resonance spectroscopy.
OH and HO, radicals can be measured by
fluorescence assay with gas expansion
(FAGE), whereby air is expanded through a
nozzle to lower pressure (1 mbar), so that the
fluorescence lifetime of the radical is in-
creased; this allows a longer delay between
the input light pulse and the fluorescence
measurement, discriminating against light
from the input pulse. High-pressure liquid
chromatography (HPLC) with ion chroma-
tography is a versatile and sensitive tech-
nique for the analysis of ions (NO,~, NO,~,
NH,*, SO,* , and acetate ions) and of
organic compounds (carbonyls and polyaro-
matic hydrocarbons). Finally, OH radicals
and other gases can be measured in mass
spectrometers, often involving chemical ion-
ization. Many of these techniques focus on
measuring HO, and peroxy radicals because
they play important parts in the production
and loss of O, in the troposphere, form sec-
ondary pollutants such as peroxides and or-
ganic nitrates, and affect the formation of
OH and the decomposition of peroxy-acetyl
nitrate (PAN) at night (32-34).

In a gas chromatograph (GC), a variety
of detection methods may be used (Table
1). Samples may be automatically analyzed
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in situ, with the use of programmed tem-
perature vaporization injection (35), or
collected in electropolished canisters
filled to high pressures with pumps or
cryogens. The samples are then analyzed
in the laboratory by means of cryogenic
preconcentration, with separation being
achieved in wide-bore, porous-layer, open
tubular columns of fused-silica, deactivat-
ed with ALLO; and KCI (36). When the
chromatograph is followed by a mass spec-
trometer, it provides unique fingerprints of
the separated products. This is an ex-
tremely powerful method for detecting
trace gases in the troposphere.

Commonly used chemiluminescent reac-
tions are (i) the reaction of NO, in ambient
air with luminol (5-amino-2,3-dihydro-1,4-
phthalazinedione), which emits blue light
(37), although its nonlinear response caused
difficulties until recently, when it was estab-
lished to be quadratic at small concentra-
tions (38) and linear above 3 ppbv (39); and
(ii) the reaction of NO in ambient air with
O;, which emits red light (40, 41), a highly
sensitive and selective technique for measur-
ing NO. The latter reaction is also used as
the detector in instruments that measure
other nitrogen gases by converting them to
NO:

(i) NO, is converted by exposure to UV
light from a xenon lamp (42), whose wave-
length coverage is ideal for minimizing in-
terference from the photolysis of HONO or
RONO;; interference from the thermal de-
composition of PAN and HO,NO, to NO,
is also minimized. Simultaneous measure-
ments of NO and NO, may be made with
two channels, each cycling through a se-
quence of NO, NO,, and chemical zero
(obtained by prereacting the sample air
with O3). Sensitivity approaches 10 counts
s™! pptv™! (pptv, parts per trillion by vol-
ume), with detection limits better than 1
pptv.

(ii) Total reactive nitrogen (the sum of
NO, NO,, NO,, 2XN,0;, HONO,
HONO,, HO,NO,, PAN, organic nitrates,
and particulate nitrate), often referred to as
NO,, is converted to NO on gold above
300°C in the presence of 0.2% CO (43, 44).
Recent intercomparisons (45) have stimu-
lated work on understanding the detailed
mechanism of conversion and quantifying
potential interferences from ambient HCN,
NH,, and H,O. Note that commercial
chemiluminescent instruments for NO,
that use thermal molybdenum converters
are not selective, as most other components
of reactive nitrogen contribute to the NO,
signal.

Chemical amplification of HO, and
RO, radicals was proposed in the 1980s
(46) and implemented by 1991 (47). The

amplification factor must be measured by
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careful calibration. Many peroxy (RO,)
radicals, which collectively may be present
in the troposphere at a concentration com-
parable to that of HO, (48), are efficiently
converted to HO, in the presence of NO.
Uncertainties in the technique are also as-
sociated with radical loss within the inlet
system, with calibration, and with correc-
tions for interferences by PAN and H,O,.
Many of these uncertainties were recently
addressed in two blind intercomparisons be-
tween measurements of ambient peroxy
radicals (49) and of laboratory calibration
sources of HO,, CH;0,, and CH,C(O)0O,
(50). It was found that the chemical ampli-
fier and the matrix isolation and electron
spin resonance (MIESR) techniques detect
different subsets of the peroxy radical pop-
ulation present in the continental boundary
layer; the former measures HO, and the
fraction of RO, that upon reaction with
NO is transformed into HO,, whereas the
latter detects HO, and all RO, by their
spectroscopic signatures.

Measurements of peroxy radicals using
MIESR were first reported by Mihelcic et al.
(51). MIESR possesses the unique ability to
measure simultaneously HO,, CH,C(O)O,,
the sum of alkyl peroxy radicals, NO,, and
NO,. The first simultaneous observations of
peroxy and NO, radicals in the troposphere
(52) and measurements of ratios of HO, to
RO, (48) were made using MIESR. The
detection limit for peroxy radicals and NO,
is 3 pptv; because of its narrower electronic
spin resonance line width, it is 1 pptv for
NO,.

FAGE was pioneered by Hard and
O’Brien in the 1980s (53). In more recent
FAGE implementations by other workers,
OH is detected by laser-induced fluores-
cence (LIF) at 308 nm, using a high-rate
dye laser pumped by a copper-vapor laser,
with detection limits of 10° molecules cm ™3
in 1 min. Comparisons of recent FAGE
implementations with other OH measure-
ment techniques showed good agreement,
confirming the absence of significant inter-
ferences or artifacts (54, 55); LIF sensors
have been criticized for their potential for
creating OH via production of atomic oxy-
gen by the laser light, followed by reaction
with ambient H,O, but recent studies using
C,F; to quench ambient OH demonstrated
that the laser creates less than 5 X 1073 ppt
of OH (56). HO, can also be measured by
FAGE, by converting to OH via reaction
with NO, which is injected immediately
after the nozzle; tropospheric amounts of
HO, are typically 100 times larger than
OH, so that very precise measurements of
HO, may be made with instrumentation
designed for detection of OH.

Finally, mass spectrometers combined
with chemical ionization or ion molecule

reaction techniques have recently achieved
spectacularly small detection limits, mea-
suring OH (57, 58) and HO, and RO,
radicals (59, 60). In the latter case, a novel
variation on the chemical amplification
theme is used: HO, and RO, are converted
with NO and O, to OH, which is then
reacted with SO, in the presence of O, to
produce SO, and regenerate HO, in a chain
reaction. Chain termination occurs by re-
action of SO, with water vapor to produce
H,SO,, which is then detected after reac-
tion with NO,;~ HNO; ions. OH measure-
ments are accomplished in an identical
manner but without the addition of NO.
The method has also been used to detect
H,SO,, HNO;, HONO, dimethyl sulfide,
and methane sulfonic acid, as reviewed re-

cently (61).

Present Photolysis-Rate Sensors

Photolysis reactions are responsible for the
production of many radicals that drive tro-
pospheric chemistry: Photolysis of O, leads
to formation of O('D) atoms, which then
react with water vapor to form OH; of NO,
to O(°P) atoms, which react with O, to
form Os; of HONO to OH; and of HCHO
to H atoms, which produce HO,.

Direct measurements of photolysis rates
require a reaction vessel that is illuminated
with full ambient sunlight, both direct and
diffuse. This is difficult to achieve without
the reaction vessel being outdoors. The
measurements themselves are extremely
challenging even in the laboratory or on
board a large aircraft, and much more so
under in situ conditions. It is also very
difficult to ensure representative solar illu-
mination indoors or inside an airplane. In-
struments may be very complex, requiring a
well-characterized calibration source, a
carefully constructed photolysis cell, and a

Table 1. Detection systems for gas chromato-
graphs.

Detector Trace gases measured

Flame ionization Hydrocarbons and oxy-
genated hydrocarbons,
C1 to C9;
anthropogenic and
biogenic

Chlorofluorocarbons and
N,O (72), PAN (73),
alkyl nitrates (74)

CO (with HgO at 265°C
to Hg vapor, measured
by UV photometer;
limit, 1 ppbv

Many, including
hydrofluorocarbons
and brominated
hydrocarbons

Electron capture

React with redﬁcer
sense products

Mass spectrometer
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fast response detector assembly (62, 63).
Another difficulty is that the integration
time for high accuracy is often too long to
be useful in measurements from aircraft,
where the scene changes rapidly. Because of
these difficulties, few such chemical acti-
nometers have been developed to date.

Alternatively, the photolysis rate can be
calculated from other measured quantities.
The photolysis rate is the product of the
solar flux, the absorption cross-section, and
the quantum vyield, integrated over wave-
length and solid angle. Of these terms,
cross-sections and yields can be measured in
the laboratory, so it is sufficient to measure
the flux, which depends on solar zenith
angle, to determine the photolysis rate. Ide-
ally, solar flux is measured by a spectroradi-
ometer at a variety of angles, and the inte-
grations are performed in the analysis com-
puter. If the wavelength coverage is wide,
fluxes for several gases are measured simul-
taneously. Alternatively, the angular inte-
gration can be made in the instrument ei-
ther by using full spherical optics or, if
corrections for varying albedo must be
made, by using separate upward and down-
ward hemispheric optics.

One can approximate both the wave-
length and angular integrations by using a

Satellite
Y with IR
i remote
44 Sensors

[
[
Airborne laboratory o /
[
[

with chemical and
IR remote sensors /

Unmanned
aircraft with
chemical |
sensors

Pilot and
data logger

filter radiometer that views the whole sky.
Such radiometers have good signal-to-noise
ratios and are inexpensive and compact
(64), but require accurate knowledge of the
wavelength dependence of flux, cross-sec-
tion, and quantum yield, whose product
depends on solar zenith angle, so that a
calibration against a chemical actinometer
may be necessary. Despite these complica-
tions, a recent airborne instrument to mea-
sure the photolysis rate of NO, [j(NO,)]
produced results with excellent accuracy
(65). Other commercially available radiom-
eters to determine j(NO,) are based on the
device described by Junkerman et al. (64),
but using quartz diffusers to minimize de-
pendence on the incident angle. They are
accurate to 5% but must be calibrated an-
nually against a chemical actinometer.

Present and Future Platforms

The most intensively studied part of the
troposphere has traditionally been the
boundary layer, because of the relative ease
of measurements near the ground and be-
cause trace gases there have obvious effects
on humans. Today, ground-based instru-
ments are supplemented by instruments on
aircraft, ships, and tethered balloons in the

Medium-sized
tethered
balloon

Ozonesonde
NO, sonde

Sampler

Winch and
mast moor

10-m

tower Laboratory
with chemical
sensors

Fig. 3. Some of the platforms and sensors for present and future measurements of tropospheric trace

Retroreflector Wide-band Lidar
spectrometer
with DOAS
analysis
gases.
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boundary layer (Fig. 3). Spectroscopic instru-
ments have usually remained on the ground
and used long open paths, but in the future
the same instrument will routinely switch
between a multipass cell and an open path,
as pioneered by Galle et al. (27), who mea-
sured fluxes as well as concentrations with a
single FTS by alternating the observed opti-
cal path between a multipass cell in ambient
air, an open path, and air pumped from a
tower. In the boundary layer, urban pollu-
tion is now a major issue, but three-dimen-
sional measurements in cities are currently
confined to towers because of safety issues
regarding aircraft and large tethered balloons
and because small balloons can only lift a few
kilograms. Medium-sized tethered balloons
(66) may pave the way to more comprehen-
sive urban measurements.

The chemistry of the free troposphere
(from the top of the boundary layer.to the
tropopause), is important because it contains
most of the matter in the atmosphere and
most of its transport and is the source of
many trace gases in the boundary layer under
unpolluted conditions. Many pollutants are
longer lived (O3) or more reactive (NO,) in
the free troposphere than in the boundary
layer because of the lack of dry deposition
and the colder temperatures. The colder
temperatures also mean that trace gases in
the free troposphere can have a significant
greenhouse effect, whereas they have no ef-
fect in the boundary layer. Although the free
troposphere can be sampled by large tethered
balloons, regular measurements of trace gases
other than O; by sondes only started in the
1980s, after the deployment of instruments
on research aircraft, such as the United
Kingdom Met Office’s Hercules. In modern
integrated airborne campaigns in the free
troposphere, a comprehensive mixture of
techniques is used. For example, in the air-
borne Pacific Exloratory Mission West (67),
4 gases were measured by in situ spectrosco-
py, 1 by remote spectroscopy, 13 by in situ
chemistry, and 25 by storage of gas samples
and later GC analysis. Fifteen elements and
ions were also measured by filtering with
later analysis. However, because of the cost
of pressurized aircraft, future apparatus may
more often be mounted on small unpressur-
ized aircraft and on unmanned remotely pi-
loted aircraft. Unmanned aircraft could rap-
idly change the breadth of measurement op-
portunities, as discussed below.

Finally, there have been few tropospher-
ic chemistry measurements in the unpollut-
ed Southern Hemisphere, particularly Ant-
arctica, where models should be easiest to
test because of the relatively small amounts
of pollution. In the Arctic boundary layer, a
rapid unexplained disappearance of O has
been observed in the spring, with a simul-
taneous increase in BrO. Theories range
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from biological activity to sea spray, and
this fascinating problem will doubtless be
pursued vigorously.

Future Instruments

Currently, the range of spectroscopic tech-
niques is broadly categorized by wavelength:
DOAS in the UV and visible, using array
detectors; TDL in the near- and mid-IR,
sometimes with frequency modulation pro-
viding DOAS filtering; and FTS in the mid-
IR. These wavelength boundaries between
the techniques should blur as IR detector
arrays become available and as more instru-
ments at visible wavelengths use an FTS.
Sources should also become less differentiat-
ed as the bandwidth of IR solid-state lasers
becomes wider or more tunable and as they
require less cryogenic cooling.

Future spectroscopic measurements will
likely be dominated by wide-band systems
with DOAS analysis or line-by-line correla-
tion in the computer. Narrow-band specific
instruments may only be used for tactical
reasons. Recent examples are a 2-kg IR gas
analyzer developed in the United Kingdom
for measurements of CO, and H,O from
small tethered balloons, which needed ex-
treme miniaturization; and a new CO, sen-
sor with an electrically tunable Fabry-Perot
etalon, which needed excellent wavelength
stability over a wide temperature range. Sat-
ellite instruments are also an exception be-
cause of their long development time. For
example, measurements of pollution in the
troposphere (MOPITT) will use a gas-corre-
lation cell to measure CO from NASA’s
AM-1 satellite in 1998. But even satellite
instruments are becoming comprehensive;
the tropospheric emission sensor (TES), to
be launched in 2002, will measure spectra
from 2.3 to 16.7 pm, generating profiles of
0,, CO, NO, NO,, HNO,;, and other trace
gases. Very recent spectra from its airborne
predecessor illustrate the excellent quality of
the data we may expect from TES (68).

Although problems with xenon white-
light sources render similarly comprehensive
lidar measurements impossible now, future
work should reduce the pulse length and arc
size of these xenon flash lamps. An exciting
alternative would be a tunable femtosecond
laser with a short burst of pulses; each burst
would have an inherently smooth spectrum of
medium bandwidth, which could then be ex-
tended by sweep-tuning during successive
bursts. Meanwhile, more selective lidars that
measure O; by the DOAS principle are al-
ready feasible (31); SO, and hydrocarbons
may soon be added (69). This move to DOAS
analysis and broad bandwidth is set to revo-
lutionize tropospheric lidar measurements.

In the free troposphere, the population
of peroxy radicals is expected to be domi-
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nated by HO, and CH;O,, so that interpre-
tation of airborne measurements with
chemical amplifiers should be more
straightforward than in the polluted bound-
ary layer, where the higher peroxy radicals
interfere to uncertain degrees. Concerted
laboratory and field measurements and
modeling studies that address these interfer-
ence problems are urgently required. For
this reason, other methods that are insensi-
tive to higher peroxy radicals should be
investigated; for example, peroxy radicals
could be converted to OH by reaction with
O, and NO, and the OH could be detected
with FAGE; if O, and NO were introduced
before the expansion nozzle, the reaction
would proceed more rapidly than at the
reduced pressure after the nozzle.

HONO is a minor but important compo-
nent of total reactive nitrogen that cannot
easily be measured by a chemical technique.
Chemical measurement of HONO is impor-
tant in its own right and for actinometric
measurements of j(HONO). A possible ap-
proach would be conversion of the OH and
H photoproducts to HO, radicals, with de-
tection of HO, by a chemical amplifier. A
similar innovative approach to actinometric
measurements of j(HCHO) would be to
measure the H and HCO products after ox-
idation to HO,; alternatively, UV resonance
fluorescence might be used to measure CO
for the CO + H, channel. Similarly inno-
vative detection systems borrowed from tra-

Peroxy radical
calibration

.
P

. ARTICLES

ditionally separate instrumentation could be
used with gas chromatographs; for example,
using an IR FTS to further analyze the prod-
ucts. In this way, we feel that there could
well be a significant synthesis of chemical
techniques for future tropospheric measure-
ments as emphasized in Fig. 4.

Miniaturization may dramatically influ-
ence instrument development, with an em-
phasis on solid-state chemical sensors (a
sensor for O, is under active development,
and others are at the design stage), on
sampling for GC analysis without cryogens,
and on miniaturization of FTSs. Some in-
novative ideas for miniaturization of an
FTS have recently been developed, involv-
ing simpler optical components such as a
birefringent prism to split the paths and a
single lens to combine them (70); and in-
volving the recording of all the fringes on
an array detector, rather than just the cen-
tral fringe of the Newton’s ring pattern, to
avoid moving parts (71). Such exciting de-
velopments may render narrow-band mea-
surements totally redundant. Miniaturiza-
tion will be driven by the demands of the
future platforms discussed above (medium-
sized balloons, small and unmanned air-
craft, and measurements in Antarctica);
each requires smaller, lightweight, lower-
power apparatus that is self-contained. This
will be the major challenge in instrument
development for tropospheric chemistry
during the next decade.

MFC = Mass flow controller
PT=  Permeation tube
PP= Peristaltic pump
LMA-3 = Luminol chemilumi-

nescent detector
-@- = 3-way solenoid valve

.O_ = 2-way solenoid valve

Fig. 4. Schematic diagram of a peroxy radical chemical amplifier. Like many modern chemical instru-
ments, this consists of several subsystems, which are identified in the figure: an inlet system, a system
for NO, measurement, a system for NO,, calibration, a system for peroxy radical calibration using a
source of CH,0, radicals based on CH,| photooxidation, and a system for exhaust gas treatment. The
data acquisition system is not shown. During deployment in field studies, the inlet system is mounted on
a tower and the other equipment is housed in the laboratory. The instrument is operated in one of three
modes: ambient measurements, NO,, calibration, or peroxy radical calibration. To improve the detection
limit or to enlarge the range of gases measured, future chemical instruments are likely to exchange
subsystems such as those shown here with subsystems currently used in other types of chemical

instruments.
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Cloud Microphysics and Climate

M. B. Baker

Recent studies have shown that global radiative and hydrological fluxes are strongly
linked to microphysical processes in clouds. The sensitivity of predictions of climate
variations to assumptions about the microphysical processes has led to new approaches
to atmospheric measurements and to heightened interest and progress in understanding
the physical chemistry, radiative properties, and kinetics of small solid and liquid aqueous

particles.

Clouds cover almost two thirds of the glob-
al surface. They reflect incoming solar radi-
ation, thus cooling the Earth-atmosphere
system, and reduce outgoing infrared radia-
tion, warming the system. Clouds also reg-
ulate the atmospheric hydrological cycle,
transporting water away from Earth’s sur-
face, redistributing it through the atmo-
sphere and back to the surface by means of
precipitation. Latent heating and cooling
associated with clouds modify atmospheric
circulations, and thunderclouds produce
lightning.

All of these phenomena have their ori-
gins in cloud microphysical processes, that
is, processes involving ice and liquid-water
particles whose dimensions range from un-
der a micrometer to a few millimeters.
Changes in cloud microphysical processes
can modify the spatial extent, spatial distri-
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bution, and lifetimes of clouds, the water
vapor distribution outside of clouds, and the
fluxes of water and radiation through the
atmosphere. This article focuses on the re-
sulting changes in the distribution of atmo-
spheric water and in the radiative fluxes at
the top of the atmosphere (TOA). The
discussion is centered on the following il-
lustrative issues: possible modification of
TOA radiative fluxes by anthropogenic
aerosol particles in clouds, the impacts of
ice particles on the TOA radiative fluxes,
and the roles of cloud microphysical pro-
cesses in regulating the atmospheric hydro-
logical cycle.

The links between cloud microphysical
parameters and the TOA radiative fluxes
can be understood from a brief summary of
Earth’s radiation budget. The incoming
TOA flux of solar radiation is about 340
W/m? on a global, annual average and is
concentrated at short wavelengths (A < 4
pwm). About 30% of this energy is reflected
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