
I n tropospheric chemistry, OH plays a key role. For
instance it is essential in converting many trace species
from water-insoluble to water-soluble forms, thus assist-

ing in their deposition rate. Due to OH high reactivity, its
concentration in the planetary boundary layer (PBL) is very
low, at most of the order of 106 radicals cm-3. Thus routine
measurement of its steady state concentration for compari-
son with model calculations is non trivial [1,2]. Furthermore,
even in the more complete models there still remains some
uncertainty as to some of the sources and sinks of OH.
Among others it is still somewhat unclear where all the
HONO comes from that acts as an early daytime source of
OH. Furthermore it is not likely that as yet all the multitude
of hydrocarbons that act as non-negligible sinks have been
identified.

In the present paper we propose a method for investigat-
ing the fast kinetics of OH in situ in the atmosphere using
a perturbation technique in which high concentration of OH
are created by the laser flash photolysis of atmospheric O3

followed by the reaction of O(1D) with H2O. Typically we
have locally enhanced the hydroxyl radical concentration by
5 orders of magnitude. Thus the OH is easier to detect and
its fast disappearance can be followed over a sufficient time
period to try to quantify the reaction kinetics. As we shall
discuss below, this fast OH kinetics can be reduced to con-
tributions from a small number of reactions, essentially with
CO, O3, various volatile organic compounds (VOC), NOx

and the reaction with OH itself. Consequently if we simul-
taneously measure the concentrations of CO, O3 and NOx

with the overall OH kinetics, we shall be able to deduce a
total hydrocarbon reactivity Σki[OH] [VOC i] from the dif-
ference between the measured overall OH decay rate and the
sum of the reaction rates with CO, O3, NOx and OH itself.
In a controlled atmosphere with known Σki[OH] [VOC i], one
can check for possible unknown fast OH reactions. Hence
we shall be able to deduce if the fast kinetics of OH in the
atmosphere is complete and well understood under condition
that the measurements are sufficiently accurate. A final rea-
son for undertaking these measurements of the fast kinetics
of OH was that it seemed like a reasonable first choice to
test the pump and probe technique for obtaining new infor-
mation on atmospheric chemistry. Below we describe the
experimental method in some detail, and we compare the
measured kinetics with those obtained in a model calcula-
tion. Experimental data are presented both from controlled
atmospheres with known concentrations of chemical con-
stituents, and from the natural PBL. We also mention the
possibility of extending these perturbation kinetics measure-
ments from the in situ case to the range resolved remote
sensing case, using a DIfferential Absorption Lidar (DIAL)
technique. Finally it will be briefly discussed that measure-
ment of Σki[OH] [VOC i] could possibly lead to information
on local NOx versusVOC limiting of the production of tro-
pospheric ozone.

Experimental setup

A diagram of the instrument is shown in figure 1. The major
parts are: a) the pump laser for the flash photolysis beam
used to create the high concentration of OH, b) the probe
beam for detecting the OH by laser induced fluorescence
(LIF), c) the OH fluorescence cell, d) the timing unit and e)
the detector and data acquisition system.

(a) Pump laser: The pump laser is a 10 Hz frequency
quadrupled Nd:YAG laser (Continuum SureLight-III-10). Its
energy is 55 mJ/pulse with a pulse duration of 4 ns FWHM.
The beam is directed into the gas flow in the reaction cell
via three dichroic mirrors, a Pellin-Broca prism, and a right
angle prism. The pump beam energy remaining at the reac-
tion site is 18 mJ, and the beam has a circular shape with
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10 mm diameter. With a quantum yield for O(1D) in the
ozone photolysis of 0.88 [3], and an ozone absorption cross
section at 266 nm σO3(266 nm) = 948.5 × 10–20 cm2 [4],
about 23% of the ozone is transformed to O(1D). Thus OH
is formed by the reactions:

O3 ———→ O(1D) + O2 (1∆g) (1)

O(1D) + H2O → 2OH (2)

In equation (2) O(1D) reacts with water vapor to form OH,
but it is also deactivated to O(3P) in collision with H2O itself
and other gases among which mainly nitrogen and oxygen.
With a gas mixture of 90% N2, 8% O2 and 2% H2O, and
quenching rate constants of respectively 2.6 × 10–11, 4.0 ×
10–11 and 19.5 × 10–11 cm3 mol–1 s–1 [5, 6], only 12% of the
O(1D) reacts with water vapor. If we add 50 ppb O3 to this
mixture, the simulated [OH] reaches 6% of the initial [O3],
i.e. 7.2 × 1010 molecules cm–3 at standard atmospheric con-
ditions. This value is about 5 orders of magnitude higher
than the maximum [OH] found in the PBL, thus making the
[OH] detection simple in the pump and probe experiment as
compared to the in situ “steady state” measurements [7–12,
2]. It should be noted that part of the pump beam laser
energy at 266 nm can in principle be directly absorbed by
atmospheric compounds other than ozone, and in particular
by some of the important aromatic volatile organic com-
pounds. In order to address this problem in more detail, the
pump laser source at fixed wavelength will in the future be
soon replaced by a tuning excimer dye laser source, in order
to try to find pump beam wavelengths at which this
unwanted photochemistry can be minimized. This will be
done in controlled atmosphere experiments with known con-
centrations of various absorbing hydrocarbon additives.

(b) Probe laser: A grating tuned, pulsed dye laser
(Lambda Physik LPD 3002) is pumped by a XeCl excimer
laser (Lambda Physik LPX210i at 308 nm, with
400 mJ/pulse). The dye is Coumarin 153 (Radiant dye,
4.2 g/L for the oscillator and 1.4 g/L for the amplifier) in
methanol. The Coumarin is mixed 1:1 with DABCO (1,4-

Diazabicyclo[2.2.2]-octan, 98%) which almost double the
life time of the dye. The dye has a maximum wavelength
conversion efficiency of 16% near 540 nm. With a BBO-I
type frequency doubler crystal followed by 4 Pellin-Broca
prisms for the UV/fundamental separation, one obtains a UV
tunable light source between 281 and 284 nm, with a reso-
lution better than 0.2 cm–1 (laser bandwidth of 0.014 Å) and
a 0.01 Å wavelength tuning step. Its energy is set at
0.58 mJ pulse-1 in the fluorescence cell. A beam expander
(2x) is used to make the beam more parallel with a diame-
ter of 4 mm at the reaction site. 

Under these experimental conditions, the possibility of
saturation of the OH signal was checked by using a set of
different neutral density filters. Thus we showed experimen-
tally that no saturation occurred. Furthermore calculation of
the probe beam efficiency gives an estimate of 86% thus
indicating that the saturation is avoided.

The pump and the probe beams are both horizontally
polarized and combined by feeding them at the appropriate
angles into the Pellin-Broca prism. Careful alignment super-
poses the two beams both in the near and far field at the
exit of the prism. This arrangement is preferred to the clas-
sic crossed beam experiment, as the same optical layout has
been used in the coaxial range resolved DIAL scheme. 

(c) Fluorescence cell: A black anodized aluminum cell
with a square cross section (dimensions: 300 × 100 ×
100 mm3) is fitted with different plug-in gas inlets for dry
air, O3, N2, O2, H2O, CH4, NOx, and other gases on its
entrance side. This cell is evacuated from the opposite side.
At the center of the cell, two flanges perpendicular to the
vertical axis support UV anti-reflection coated quartz win-
dows which transmit both the pump and probe laser beams.
The OH fluorescence passes through a 3rd quartz window
in the vertical plane. A 4th flange holds the temperature
probe together with other gas feedthroughs, one of which is
used to pump a small fraction of the air stream from the
reaction site to an ozone UV absorption monitor (HORIBA
APOA-350E). Ozone is produced by an ozone generator at
a flow rate of 2.5 L/min of air and its concentrations range
from 100 to 700 ppb at the generator exit, gives 70 to
400 ppb at the reaction site as measured by the ozone detec-
tor. Dry N2 is added to the gas flow as a buffer gas, and the
synthetic air contains a mixture N2:O2:H2O = 90:8:2. The
total gas pressure is one atmosphere. In the cell, a temper-
ature controlled water container keeps the water vapor to
2%. At this point of the study, no detailed analysis of trace
gas contaminations is performed on this synthetic air mix-
ture. It should be noted that any residue of for instance reac-
tive hydrocarbons in the cell can strongly decrease the OH
life time and hence increase the apparent rate coefficient for
a given constituent. Such effect is shown to remain negligi-
ble when the experiment is performed with a specific pol-
lutant at high concentration in the stream. 

(d) Timing unit: The Nd:YAG laser is run in its internal
trigger mode at 10 Hz, and a photodiode collecting a reflec-
tion of this light triggers a pulse generator (Stanford
Research DG535). The latter triggers the excimer laser with
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Figure 1. Schematic diagram of the experimental setup. BE -
beam expander; PMT - photomultiplier tube; PA - (fast, low-
noise) preamplifier; DA - data acquisition; PG - pulse generator.

hv(266 nm)



a time delay between the pump and the probe laser pulses
selected between 1 and 100 ms, at a delay resolution of 1 ns.

(e) Detector and data acquisition system: The laser
induced fluorescence signal is detected at 309 nm. Two
lenses are used to collect and transport the light from the
fluorescence cell to the entrance slit of a double grating
monochromator (Jobin Yvon DH 10, with the two gratings
blazed at 250 nm and with 2 × 10–9 stray light rejection).
The lenses also match the F 3.5 numerical aperture. With
the entrance, the middle and the exit slit width of 1, 2 and
1 mm respectively, a resolution of 4 nm is obtained. The LIF
signal at 309 ± 2 nm is detected by a side-on photo-multi-
plier tube (1P28 Hamamatsu). The electronic output signal
is preamplified by a fast/low-noise 25 X amplifier (Stanford
Res. SR 445) before it is stored in an 8 bit/125 MHz oscil-
loscope (LeCroy 9400). The latter is triggered by a PIN pho-
todiode which takes its signal from the probe laser.

Sensitivity

Laser induced fluorescence spectroscopy (LIF) is a direct
detection method. Hence the relationship between the ana-
log signal on the oscilloscope and the OH concentration in
molecules cm–3 depends on the sensitivity of the experi-
mental setup and on the spectroscopic properties of the OH
radical. The energy level diagram of the OH LIF measure-
ment is presented in figure 2. The analog signal SOH is mea-
sured as Volts on the AD oscilloscope and can be expressed
in the following way:

(3)

where (4)

(5)

V detection volume [cm-3]
∆Ω / Ω fraction of the solid angle contributing to the

detection
Τ transmission of the optics
ƒ spectral fraction of the OH fluorescence collected

(detection at 309 nm ± 2 nm)
Yf fraction of excited OH A2Σ, ν' = 1 that fluoresces

from ν'= 0
∆N / N fraction of OH molecules in the probe rotational

state (2Π3/2, ν'' = 0, N'' = 1)
ελ efficiency of the OH excitation in the Q1(1) tran-

sition at 281.914 nm
U PMT efficiency (photocathode, gain, preamplifica-

tion) [V]
[OH] OH concentration [molecules cm–3]

k10 vibration energy transfer rate (1 ← 0) [cm3 mole-
cule–1 s–1]

kQ electronic quenching rate constant [cm3 molecule–1

s–1]
kF fluorescence life time [s–1]
[M] number density of air mixture in the cell [mole-

cules cm–3]
σeff OH effective cross section [cm2 ] at 281.914 nm
E LIF laser pulse energy [J]
λ excitation wavelength [cm]
h Planck constant [J s]
c speed of light [cm s–1]
S laser beam cross sectional area [cm2].

The OH concentration obtained from equation (3) with the
parameters defined in table I is only a rough estimate, and
the geometrical factors such as volume sampled for both
pump and probe beams and solid angle of detection, as well
as the optical efficiency of the experiment are difficult to
evaluate with high precision. Statistical uncertainties have
been obtained by repeating each data sample 10 times, each
[OH] value being obtained from an average over 500 suc-
cessive laser shots. Systematic errors are mainly due to the

Yf =
k10[M]

kF1
+ kQ1

[M] + k10[M]
⋅

kF0

kF0
+ kQ0

[M]

SOH = V ⋅ ∆Ω
Ω ⋅ T ⋅ ƒ ⋅ Yƒ ⋅ ∆N

N ⋅ ε λ ⋅ U ⋅ [OH]
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Figure 2. The laser-induced fluorescence (LIF) scheme used in
the OH detection. The A 2Σ+, ν' = 1, N' = 1 state is pumped with
a laser pulse at 281.914 nm ( Q1(1) transition). This transition is
followed by rotational energy redistribution in the ν' = 1 state
and by collisional vibrational transfer V from ν' = 1 to ν' = 0.
This is followed by rotational redistribution and finally by the
fluorescence emitted from ν' = 0 down to ν'' = 0 which is col-
lected at 309 nm. Quenching processes Q as well as the rota-
tional transfer R decrease the fluorescence quantum yield at
this wavelength.



lasers and the optical alignment stability, and are difficult to
estimate directly. By repeating different set of experimental
conditions we found this systematic error on [OH] to be less
than 5%. Finally the effective OH cross section used must
be evaluated in detail. This cross section is calculated from
the convolution of two distributions: a Gaussian distribution
which contains the Doppler broadening and the probe laser
bandwidth which has a FWHM of 1.6 pm, and a Lorentzian
distribution containing the gas effective pressure broadening
with a FWHM of 2.2 pm [13]. The convolution gives a Voigt
profile with 3.07 pm FWHM from which a value of σeff =
2.8 × 10–16 cm2 is derived for the effective OH cross section
[14,15]. This value will be compared with the experimental
value directly measured from the Q1(1) transition. All these
sources of error result in an overall uncertainty for [OH] of
30%. Hence we compare our experimental [OH] with the
theoretical value obtained from equations (1) and (2): for
50 ppb O3 in 2% of water vapor, the [OH]theoretical formed is
[OH]theoretical = (7.2 ± 1.5) × 1010 molecules cm–3. For these
initial experimental conditions, the resulting analog signal
due to OH is 1.743 V. With the parameters introduced in
equation 3 this leads to an experimental OH concentration
[OH]exp = (7.6 ± 2.3) × 1010 molecules cm–3.

Another fact must be considered: the OH formation due
to the probe beam. At the probe wavelength (281.914 nm),
O3 absorbs with a cross section σO3(282 nm) = 325 ×

10−20 cm2 [4] or about one third of its value at 266 nm. The
probe beam energy is 580µJ and with a quantum yield of
0.95 [16], the concentration of OH formed by the probe
beam amounts to 4.4% of the total [OH]. This may be com-
pared with the experimental concentration obtained by mea-
suring OH fluorescence without the pump beam. In this case
the measured value is OHexp = 0.084 V or 4.8% of the total
OH signal obtained using both pump and probe laser beams.
This secondary production of OH by the probe beam does
not change with the varying delay time. Thus it is shown
below that it does not influence the OH relaxation times sig-
nificantly at the applied conditions, i.e. at times shorter than
about 20 ms.

First experiments

In the present configuration of the experiment, the LIF
detection system is designed to detect OH concentrations
above 108 molecules cm−3, which is about one and a half
orders of magnitude higher than its maximum ambient con-
centration. Thus to optimize the apparatus, it was necessary
to align the two beams and the LIF detection system by
using an intense source of OH from a methane/oxygen gas
burner. With the OH fluorescence signal from this flame, the
different optical elements of the dye laser and the fluores-
cence detection optics were aligned. In a second step, the
Nd:YAG laser beam exiting the Pellin-Broca prism is ren-
dered coaxial with the dye laser beam.

The spectra obtained both from the flame experiment with
only the LIF probe beam as excitation source (inset) as well
as from the full pump and probe experiment using the reac-
tion cell rather than the flame are shown in figure 3. The
OH radicals are excited in Q- and R- branch lines of the
(1,0) band. The fluorescence analyzing monochromator is
positioned at 309 nm ± 2 nm. The fluorescence excitation
beam is tuned from 281.8 to 283 nm with a resolution of
5 pm, and each data point represents the average over 200
laser shots. The inset shows results obtained in the flame
experiment used to align the LIF beam. OH is measured in
the blue part of the flame at temperatures above 1' 500 K.
At this temperature, the higher rotational states of OH are
populated significantly up to N'' = 10, 11 and 12, and tran-
sitions R2(10), R1(12) and R2(11) appear from the flame.
They are absent in the lower curve which was obtained from
a pump and probe measurement of OH at room temperature
in a controlled atmosphere in the reaction cell with a delay
of 1 ms between the 2 laser pulses, and [O3] = 70 ppb. The
fluorescence excitation spectrum of OH is necessary to
check the optical resolution of the system, and to calibrate
the wavelength scale of the dye laser controller.

Figure 4 presents a high resolution spectrum near the
Q1(1) transition which is used in this study for the OH relax-
ation measurements. This envelope includes the Q21(1), and
even the R2(3) band. The latter is not very significant,
whereas the former generates a “shoulder” on the Q1(1) 
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Table I. Estimation of the different parameters introdu-
ced in equations (3-5) for the OH concentration and refe-
renced values for the different quenching, vibrational
and fluorescence rate constants included in the fluores-
cence quantum yield Yf in equation (4).

V 0.0314 cm3 ±1% Calculated
∆Ω / Ω 0.0156 ±1% Calculated
Τ 0.056 ±2% From manufacturer 

data sheet
ƒ 0.76 ±2% Measured
Yf 0.001 ±10% Calculated (cf. Tab. II)
∆N / N 0.099 ±5% Calculated
ελ 0.78 ±5% Calculated
U 0.02 V ±1% From manufacturer 

data sheet
σeff 2.8 10–16 cm2 ±10% Calculated (cf. text)
E 580 µJ ±5% Measured
λ 281.914 nm Dieke et al., 1962
S 0.13 cm2 ±5% Measured

Rate coefficient 10–11 cm3 s–1

Gas kQ0 kQ1 k10

N2 2.6a 2.3b 23.3a

O2 9.3a 22.5b 2.1a

H2O 57c 16c 7.3a

a Williams 1996, b Burris 1988, c Chan 1983.



transition. Two Voigt profiles have been calculated for these
transitions and they are shown in figure 4. The experimen-
tal values for the FWHM of the Voigt profiles are wV = (2.6
± 0.2) pm for both Q1(1) and Q21(1) transitions. In the cal-
culation of the effective OH cross section, we have consid-
ered a value of 3.07 pm yielding σeff (theoretical) = 2.8 ×
10−16 cm2. With this experimental value of (2.6 ± 0.2) pm
for Q1(1), we estimate σeff (experimental) = (3.1 ± 0.4) 
10−16 cm2. The estimate of the OH concentration therefore
changes from [OH] = (7.6 ± 2.3) × 1010 molecules cm−3 to
[OH]exp=(7.3±2.2)x1010 molecules cm−3, which is in good
agreement with the theoretical value [OH]theoretical = (7.2 ±
1.5) × 1010 molecules cm−3. Because of the very narrow tran-
sition bands for OH, its measurement after the O3 flash pho-
tolysis can be envisaged using a DIfferential Absorption
LIDAR (DIAL) technique for which the [OH] will be probed
with 2 laser pulses, one tuned on the maximum of the Q1(1)
absorption band or the so called on resonance wavelength
and the second tuned on the off resonance wavelength, but
only shifted by less than 10 pm from the on wavelength. In
a DIAL analysis, the on and off Lidar signals are used to
obtain the range resolved [OH] profile [17]. Due to the very
small difference between the on and off wavelengths, the OH
concentration can be obtained without taking into account
the wavelength dependence of the backscatter. Furthermore
essentially no interference from other trace gases such as
SO2 or residual O3 is expected. As the effective OH absorp-
tion cross section for the Q1(1) transition reaches a value of
more than two orders of magnitude higher than the ozone
cross section at the same wavelength, and the [OH] just after
the laser flash photolysis is 6% of the initial O3 concentra-

tion, this OH absorption in the DIAL experiment will be fea-
sible.

So far we have shown that the pump and probe experi-
ment appears to give a reasonable answer in the determina-
tion of the absolute [OH], as similar values are obtained in
both the experimental and the simulated determinations. 
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Figure 3. The OH LIF absorption spectrum measured with a
delay of 1 ms between the pump and the probe beam: the ozone
concentration is 70 ppb and water vapor pressure is 2%. Each
data point is averaged over 200 laser shots, the probe wave-
length step is 0.005 nm, and the induced fluorescence is col-
lected at 309 nm with 4 nm bandwidth. The inset shows a simi-
lar spectrum obtained in a methane-oxygen flame where higher
rotational states are measured because the temperature being
above 1' 500 K.

Figure 4. The effective absorption cross section obtained from
high resolution absorption LIF spectrum of OH for the Q1(1) and
Q21(1) transitions: the dotted lines show the 2 measured Voigt
profiles with respectively a FWHM of the Voigt distribution wV =
(2.6 ± 0.2) pm for the Q1(1) transition and wV = (2.6 ± 0.2) pm for
the Q21(1) transition. The full lines represent the deconvoluted
results. The data points are measured every single picometer,
and the error bars are shown only for statistical errors.

Figure 5. Natural logarithm of the OH concentration as a func-
tion of time measured in the pump and probe experiment for
“clean air” conditions and for three concentrations of added
methane. Each data point is an average of 500 laser shots, mea-
sured on the Q1(1) line at 281.914 nm.



A second important step in the calibration of the method is
the validation of the experiment in terms of chemical kinet-
ics. Hence we selected a known chemical reaction, namely
the reaction between methane and the hydroxyl radical as a
test case. In figure 5, four different [OH] relaxation curves
are shown in clean synthetic air flow containing no methane
and respectively 100, 200 and 500 ppm CH4 at atmospheric
pressure and room temperature. Each OH data point is aver-
aged over 500 shots, and the [OH] relaxation curve is
obtained by repeating the experiment with different time
delays between the pump and the probe laser. The mean OH
life time τ(OH)exp is obtained for each of these four curves
by fitting a linear function to the slope of the natural loga-
rithm of the signal versus time between 1 and 20 ms. For
longer delays, the assumptions of a first order exponential
decay of the OH signal starts to lose its validity due to the
secondary formation of OH induced by the probe beam
itself, and the poor S/N ratio of these preliminary experi-
ments. With an uncertainty on each [OH] value of around
30%, the uncertainty in the OH life time τ(OH)exp for the
different CH4 concentrations is increasing for the longest life
time, and varies from typically 8.8% for the curve with
500 ppm CH4 up to 17.6% for the base case without
methane.

In figure 6, the inverses of the measured life times 
τ−1(OH)expare plotted versus [CH4]. For a first order reaction
at Treactor = 296 K, the slope of the linear fit through these
four points gives an upper limit to the rate constant
k(CH4+OH)exp = (9.2 ± 1.3) × 10−15 cm3 molecule−1 s−1. As there
may have been some slight impurities in the methane, this
is not in too bad agreement with the most recent literature
values of k(CH4+OH)lit = (6.3 ± 0.6) × 10−15 cm3 molecule−1 s−1

[18]. One possible source of error is the relatively small
dynamic range of our actual experimental set-up. Future
developments to increase the sensitivity of this experiment
will be twofold. First, the 8 bit AD oscilloscope acquisition
unit will be replaced by a 12 bit 20 MHz AD converter, with
both analog and photon counting in order to improve the sig-
nal dynamics. Second, the time scale is limited in this study

to delays below 20 ms, mainly because of the secondary OH
formation due to the probe beam at 282 nm. Using a new
laser source probing at 308 nm for which the OH cross sec-
tion is significantly higher, and the secondary formation of
OH is significantly lower, this problem can be decreased.
Even though our present experimental value of k(OH+CH4)
is nearly 50% higher than the latest literature value, this dis-
crepancy is nevertheless thought to be acceptable when one
considers the much bigger variations in OH life time due to
different types of (natural) air conditions in the PBL, as will
be demonstrated below. 

As the present paper only presents preliminary data and
should be regarded as a proof of principle that pump and
probe data can be extracted from the atmosphere, we con-
clude that the calibrations of the OH concentrations and the
OH life times yield reasonable numbers for both the absolute
OH concentrations and the reaction rate constant for a
known reaction. These two procedures were carried out in a
closed reaction vessel at atmospheric pressure, at room tem-
perature, and with a flow of synthetic air containing ozone
and water vapor at concentrations similar to those often
encountered in the PBL. To demonstrate that such measure-
ments can also be performed in the real PBL, we repeated
the measurement of the [OH] decay, this time without the
reactor vessel and directly in the air of the laboratory next
to an open window. The results are presented in figure 7.
These data represent our first measurement of the OH life-
time in the PBL. The ozone concentration was 66 ppb. These
data show that the pump and probe OH experiment is not
just another laboratory technique, but a real in situ method
that can in principle be used in the real atmosphere. The OH
life time obtained in this experiment is not interpreted here
because at this point of the study, no control on the OH reac-
tants such as NOx or VOCs was performed. Nevertheless the
OH life time obtained is of a reasonable order of magnitude.

In the following section, using a model simulation we
will show what type of information might be extracted from
the pump and probe technique.
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Figure 6. The inverse of the OH life-time versus the methane
concentration. The slope of the fitted points gives the reaction
rate constant for the reaction between CH 4 and OH at the expe-
rimental conditions.

Figure 7. The natural logarithm of the OH concentration as a
function of time under conditions which are essentially those
of the PBL.



Modeling the pump and probe experiment

The [OH] time dependence, from its formation by the pho-
tolysis of an ozone-water mixture to its disappearance due
to atmospheric chemical reactions, is simulated with a model
including the chemical and the physical properties of the
atmosphere [19]. It is based on the mass conservation equa-
tion:

(6)

A B C D

where

Ck is the concentration of the kth species,

is the wind speed,

κ is the molecular diffusion,

κt is the turbulent diffusion,

is the net chemical reaction rate for the kth species.

Chemistry: For the chemical part of equation (6) (terms A
and D), a chemical model of the troposphere including 53
chemical species and 73 reactions is applied using the
CHEMKIN II package [20]. This program incorporates the
temperature and pressure dependence of all important uni-,
bi-, and termolecular reactions, and also explicitly takes into
account the reverse of every elementary reaction. The kinetic
parameters are taken from kinetic data evaluations for
atmospheric chemistry or are estimated. This is a simulation
of the pump and probe experiment for the OH decay curves
in different air mixtures. It must be underlined that this sim-
ple model is only applied to the present experimental con-
ditions and it is not pretended to be a complete box model
for optimally simulate the real PBL. In figure 8, [OH] is
given as a function of time, with a time resolution of 1 ms,
the first time step treating the OH formation, i.e. the reac-
tion of O1D with water. The [OH] decay is treated for two
types of air conditions, a “remote continental” and “moder-
ately polluted” case. These two cases simulate air parcels
that have been measured in field campaigns, for fairly clean
case in Brazil and for moderately polluted case near the city
of Atlanta [16,21–25]. A large difference in the observed
life-time is obtained depending on both the amount of nitro-
gen oxides (NOx) and volatile organic compounds (VOC) in
the air: for the fairly clean case, the simulation gives an OH
life time of 85.5 ms, while this value drops to 11.7 ms in
the moderately polluted case where there is both high [NOx]
and high [VOC]. This result shows a rather large range for
the OH time dependence for two different air pollution con-
ditions. The results of this simulation underline the interest
of the pump and probe method, and the sensitivity of the
fast kinetics to the atmospheric conditions. It should be
noted that this range is much larger than the uncertainty
affecting our calibration test on the experimental value of
the rate constant obtained for OH with methane.

Due to the very short time scale this study is addressing,
a large fraction of the reactions in the model are shown to
play a negligible role, in particular all the photochemical
reactions. In table II are listed only the species which play
a significant role in this fast OH kinetics experiment,
together with their initial concentrations for the “moderately
polluted” and the “fairly clean remote” cases. The initial OH
concentration for the polluted case is much larger than for
the clean, which is related to the initial ozone concentrations
in table II, respectively 80 and 35 ppb. 

For the clean case one should note that a significant
residue of OH is present after 100 ms. This corresponds to
the time of the next pump laser pulse under our 

ω k

∇U

oCk

o t + ∇UCk = ∇ κ t + κ ∇Ck + ω k
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Figure 8. Simulated OH concentration vs. time for “moderately
polluted” and “fairly clean” atmosphere (chemistry only case).
See table II for the different initial concentrations used in these
two cases.

Table II. The list of the major species influencing the OH
decay time in a time scale smaller than 20 ms, used as
initial conditions for the simulated results presented in
figure 8.

Species Remote atmosphere Polluted atmosphere
[ppb] [ppb] 

NO 0.1a 120a

NO2 1a 100a

O3 35a 80a

CO 207b 1000a

methane 1657b 1657b

formaldehyde 0.5a 15d

ethylene 0.97b 1.5e

n-butane 0.09b 4.2e

isoprene 2.65b 0.92e

myrcene 0.19c 0.68f

propylene 0.31b 0.5e

a Finlayson-Pitts et al., 1986, and references therein; b Zimmerman
et al., 1988; c Greenberg et al., 1984; d Jacobson et al., 1996; 
e Chameides et al., 1992; f Shaw et al., 1983.



experimental conditions, and this would result in a build up
of a new steady state OH concentration. Thus experimen-
tally in such a clean atmosphere, one must reduce the repe-
tition rate of the two lasers down to the experimental con-
ditions at which no memory effect remains. Furthermore,
these very long life times would be difficult to analyze
because, as will be shown later, this chemistry could be
strongly biased by the wind diffusion and turbulence effects.
The relative geometry of the two beams will also be modi-
fied in order to diminish these transport effects.

A sensitivity analysis of the model calculations confirmed
that a large fraction of the reactions play a negligible role
in these fast kinetics. Therefore we can simplify the model
resulting in a code with only those species listed in tab. II.
When we compare the OH life times obtained with the
“complete” set of reactions to the results with the strongly
simplified model, the OH life time is equivalent within
± 5%. This holds for time scales shorter than 20 ms and for
initial OH concentration lower than 1011 mol/cc. 

Note that in the “complete” model, HO2 formation is also
included. This species could in principle interfere with the
OH kinetics even on quite short time scale. This effect of
HO2 is shown to be negligible. The simpler code which does
not contain HO2 reproduces the results obtained with the
more complex model quite well. For initial OH concentra-
tions much higher than our actual values, this effect does
become significant. Using the simplified chemical approach,
the inverse of the predicted OH life time for a time delay
shorter than 20 ms can be described as:

1/τOH = kCO[CO]0 + kO3[O3]0 + ΣkVOC [VOC]0

+ ΣkNOx [NOx]0 + 2kOH[OH]0 (7)

where the OH life-time τOH and its initial concentration
[OH]0 are obtained by the pump and probe experiment, and
the only unknown is ΣkVOC[VOC]0

, as the measurement of
the initial concentrations of [CO]0, [O3]0 and [NOx]0 are
obtained with standard trace gas detectors. Equation (7) is
valid only for high initial [OH] and short time scales.
ΣkVOC[VOC]0 is defined as the reactivity-weighted sum of all
the different volatile organic compounds, a value that is oth-
erwise not easy to obtain. We are currently investigating the
possibility of using this quantity to determine if ozone pro-
duction at the reaction site is NOx limited or VOC limited.

Transport effect: To this “chemistry only” simulation, the
influence of transport processes on the pump and probe
experiment should be added (terms B and C in Eq. (6)). This
is important in defining the conditions under which the
pump and probe is feasible in real PBL conditions. Wind
diffusion and turbulences influence the measured OH life
time in the investigated volume and following this argument
it is also important to optimize the relative geometry of the
two laser beams in order to decrease the influence of 
the transport. The mean transport velocity moves OH out of
the probed zone, and to reduce this effect, the diameter for
the pump and the probe beams must be adapted depending
on the scale of the transport phenomenon and the time of

the measurement. In the case of the turbulent diffusion,
including both the dynamic turbulence caused by the wind
and the thermal turbulence caused by the differential heat-
ing of the earth's surface, the τOH measured tends to be
reduced faster than with the chemical reactions alone. Under
moderate atmospheric conditions, our calculation shows that
OH measurements over tens of ms are possible with no
influence from the wind. Indeed the influence of the wind
on the measurement of residual OH mainly depends on the
configuration of the laser beams. For example, in the result
presented in figure 7 for the open air conditions with pump
and probe beam diameter of respectively 10 and 4 mm, it is
sufficient to have an averaged wind speed of 0.1 m/s to
somewhat perturb the OH decay curve at delays longer than
20 ms. 

Finally it should be mentioned that we are in the process
of publishing the first atmospheric DIAL measurements
which demonstrate the feasibility of range resolved pump
and probe OH observations in the PBL [26].

Conclusions

Preliminary measurements of the reaction rate of OH 
radicals are presented in both a flow reactor and the real
atmosphere, after the OH concentration has been raised by
background ozone flash photolysis at 266 nm and reaction
of the O(1D) atoms with water vapor. Detection of OH was
performed by laser induced (282 nm) fluorescence (309 nm)
at various time delays after the photolysis pulse. These
experiments were designed to demonstrate in part the feasi-
bility of extending such a pump and probe experiment to a
range resolved atmospheric differential absorption measure-
ment. 

Kinetics measurements in the flow reactor in the presence
of large amounts of methane, and a mathematical simulation
of the experiment, gave values for the absolute OH concen-
tration measured and its decay rate reasonably close to the
expected values.

Experimental simulation of the fast OH decay measured
in the flow system with more or less polluted artificial air
mixtures, showed the sensitivity of the pump and probe mea-
surement to air pollution changes. It is also shown that under
the experimental conditions used we can measure
Σki[OH] [VOC i] if complementary measurements are made
on CO, O3 and NOx. The measurements reported in this
paper indicate that the range resolved pump and probe mea-
surement is feasible. Further investigation will show if this
quantity will be of interest in optimizing ozone reduction
strategies [27,28].
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