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atomic oxygen: Simultaneous measurement with ozone at 38–44 km
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A balloon-borne resonance fluorescence instrument for in-situ measurement of atomic oxygen (O( 3P)) was
developed and its performance was characterized based upon numerical simulations and laboratory tests. A simul-
taneous measurement of O( 3P) and ozone (O3) in the upper stratosphere was carried out onboard a high altitude
balloon launched from Sanriku (39◦N, 142◦E), Japan on 9 September 1997. O3 was measured on the same balloon
by the solar UV absorption technique. The measured density ratios [O( 3P)]/[O3] at altitudes 38–44 km were found
to be consistent with the calculated within the experimental uncertainties, although a systematic discrepancy was
found above 41 km. It was difficult to make a detailed discussion about this discrepancy due to the insufficient
precision and accuracy.

1. Introduction
In the upper stratosphere and mesosphere, O( 3P) plays an

important role in the O3 photochemistry. Because O( 3P) is
involved in all major radical catalytic cycles (NOx, HOx, and
ClOx cycles), the accurate determination of O( 3P) concen-
tration has a strong influence on the calculation of O3 loss
rate (Eluszkiewicz andAllen, 1993). Since the photodissoci-
ation of O3 and three-body recombination of O( 3P) to form
O3 are more than 100 times faster as compared with the reac-
tions includingNOx, HOx and ClOx in the upper stratosphere
(Jucks et al., 1996; Osterman et al., 1997), the O( 3P) to O3

density ratio is expressed as:

[O( 3P)]

[O3]
= JO3

kO+O2[O2][M]
(1)

where JO3(= JO3(O( 1D)) + JO3(O(3P)) ) is the photodis-
sociation coefficient of O3; kO+O2 is the reaction rate coeffi-
cient of three-body recombination of O( 3P) and O2. Some
investigators recently pointed out that the kO+O2 value rec-
ommended by DeMore et al. (1990) may be underestimated,
and this yields overestimate ofO3 loss rate in the upper strato-
sphere (Eluszkiewicz and Allen, 1993; Siskind et al., 1995).
This suggests a need for examining the partitioningwithin the
odd oxygen by simultaneousmeasurements of O( 3P) andO3

in the atmosphere, as well as better determination of kinetics
in the laboratory. However, as far as we know, only a few si-
multaneous measurements of O( 3P) and O3 were carried out
so far (Anderson, 1975; Anderson et al., 1980), mainly due
to the difficulties in the O( 3P) measurement in this region.
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The VUV resonance fluorescence technique is supposed to
be most suitable for measuring O( 3P) in the upper strato-
sphere; however, it requires us to overcome some technical
difficulties such as stable operation of a light source, pro-
tection of optics from pollution, reduction of the weight and
absolute calibration.
In this paper we describe the performances of the reso-

nance fluorescence O( 3P) instrument and the solar UV ab-
sorption O3 instrument, and show the result of simultaneous
measurement of O( 3P) and O3 in the upper stratosphere.

2. O( 3P ) instrument
2.1 Schematic of the instrument
Aballoon-borne resonance fluorescence instrument for in-

situ measurement of O( 3P) was developed by University of
Tokyo and Resonance Ltd. Figure 1 shows a schematic view
of the instrument. It consists of an OI resonance lamp with a
MgF2 window, aVUVdetector and electronics. TheOI reso-
nance lamp is an intensive light source of the 130.2, 130.5 and
130.6 nm triplet lines ( 3S→ 3P) by utilizing a radio frequency
(RF) discharge in amixture of atomic oxygen and heliumgas.
The resonance lamp is almost identical with that of Jenkins
et al. (1985). The VUV detector is a photomultiplier-tube
(PMT) with a CsI photocathode and a MgF2 window used
in the photon counting mode. The PMT field of view is re-
stricted as shown in Fig. 1 by the light baffles in front of the
window. The lamp is modulated turning on and off at 128
Hz in order to eliminate the background due to the Rayleigh
scattering of the solar MUV radiation; the resonance fluo-
rescence count rate is obtained by subtracting the lamp-off
signal from the lamp-on signal. The lamp intensity is mon-
itored by detecting OI 777 nm emission intensity which is
approximately proportional to the 130 nm emission intensity.
The optics is protected with an airtight cover against pollu-
tants in the troposphere. The cover is also used as a light
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Fig. 1. Schematic view of theO( 3P) instrument. It consists of anOI 130 nm
(3S→3P) resonance lamp, a VUV detector (PMT), and electronics. The
lamp intensity monitor (OI 777 nm detection optics) is included inside
the resonance lamp unit. The PMT field of view is restricted by the light
baffles in front of the window.

block when it is open for measurement. The total weight of
the instrument is limited to only 6.0 kg including batteries in
order to reach a height of 45 km.
2.2 Calibration
In case of the laboratory calibration in a vacuum chamber,

the resonance fluorescence count rate detected by PMT is
approximated as follows:

Cnum ∝
∫∫∫

D
dx dy dz

1

L2

1

L ′2

×
2∑

J=0

∫
line

dν nOJ σ
O
J (ν)IJ (ν)

× exp
[−τO

J (ν)
]
exp

[−τO2(ν)
]

(2)

with
τO
J (ν) = nOJ σ

O
J (ν) (L + L ′) (3a)

τO2(ν) = nO2σO2(ν) (L + L ′) (3b)

where J (= 0, 1, 2) is the total angular momentum quantum
number; nOJ is the number density of O( 3PJ ) at the scatter-
ing point; σO

J (ν) is the absorption cross section of O( 3PJ );
nO2 is the number density of O2; σO2(ν) is the absorption
cross section of O2; τO

J (ν) and τO2(ν) are the optical thick-
nesses. IJ (ν) (J = 0, 1, 2) are the spectral irradiances of
the 130.6 nm, 130.5 nm and 130.2 nm lines, respectively. In
accordance with the theoretical model presented by Jenkins
et al. (1985), the relative intensities of IJ (ν) were expressed
in terms of double Gaussian spectral line profile with self-
absorption, assuming that 15% of atomic oxygen in the lamp
had the temperature of 5500 K, and 85% had the temperature
of 350 K. The self-absorption effect, the optical thickness
in the lamp, was determined based upon the lamp spectrum
measured using a high resolution VUV spectrometer. L is
the path length from the lamp to the scattering point; L ′ is
the path length from the scattering point to the PMT; D is the
scattering volume; ν is wavenumber.
The instrument was absolutely calibrated at the Institute

of Space and Astronautical Science (ISAS). The calibration
system and the method were almost the same as for a pre-
vious rocket experiment (Kita et al., 1996). Figure 2 shows
a schematic view of the calibration system. The instrument

Fig. 2. Schematic view of the calibration system. O( 3P) was generated
frommixture of Ar andO2 gases by RF-discharge and the number density
ofO( 3P) in the vacuumchamberwasmonitored by the absorptionmethod
using another set of a resonance lamp and a VUV detector.

was set in a vacuum chamber (inner diameter 60 cm, length
100 cm), and O( 3P) was generated from mixture of Ar and
O2 gases by RF-discharge. The number density of O( 3P)

in the chamber was determined by means of the absorption
method using another resonance lamp (calibration lamp) and
a VUV phototube. The fluorescence measurements were
not affected by the continuous irradiation of the calibration
lamp, since the background elimination method was used as
described in Section 2.1. The relationship between O( 3P)

number density and the VUV phototube output is expressed
as follows:

V1

V0
=

2∑
J=0

∫
line

IJ (ν) exp(−nOJ σ
O
J (ν) l ) dν

2∑
J=0

∫
line

IJ (ν) dν

(4)

where V1 and V0 represent the VUV phototube output (ex-
cluding the background) with and without atomic oxygen

Fig. 3. Calibration results (pressure 5×10−3 torr, temperature 295 K).
The instrumental sensitivity factor for a typical O( 3P) number den-
sity of 1×109[atoms·cm−3] in the upper stratosphere was found to be
(2.0±0.2)×10−7[cps/(atoms·cm−3)].
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generation, respectively; l is the optical path length. The
homogeneity of the O( 3P) density in the optical path was
confirmed in the previous experiment (Kita et al., 1996).
Figure 3 represents the calibration result. Random errors

for the O( 3P) number density and the PMT count rate were
estimated to be about 2×109[atoms·cm−3] and 4%, respec-
tively, considering the fluctuations of the observed signals.
The curve calculated usingEq. (2)wasfitted to the calibration
data so as to determine the instrumental sensitivity factor. It
is expected to be constant for a typical O( 3P) number den-
sity of 1×109[atoms·cm−3] in the upper stratosphere, and
was found to be (2.0±0.2)×10−7[cps/(atoms·cm−3)]. The
uncertainty in determining the instrumental sensitivity factor
was mainly due to the fitting error and the uncertainty in the
oscillator strength of OI 130 nm resonance line. Although
the calibration results were obtained under the conditions of
5×10−3 torr in pressure and 295 K in temperature, attenua-
tion of the lamp beam by O2 absorption and the temperature
dependence must be considered under the stratospheric con-
ditions. This effect was estimated based upon the numerical
simulations described by Eq. (2). Rayleigh scattering of the
lamp beam by atmospheric molecules is negligible above 35
km.

3. O3 instrument
The vertical distribution of O3 is measured by a balloon-

borne optical sensor (BOS), which was developed by To-
hoku University (Okabayashi et al., 1995). This kind of O3

measurement technique was utilized for rocket ozonesondes
(Barnes and Simeth, 1986) and the design of BOS is based
upon these rocket ozonesondes. As schematically shown in
Fig. 4, the BOS optics consists of a diffuser plate, a beam
splitter, narrow-band interference filters, quartz lens and sil-
icon photodiodes. The optics has a pair of radiometers: one
measures the solar ultraviolet irradiance at 300 nm, while the
other measures the solar irradiance at 420 nm to compensate
the variation of solar irradiance due to swaying of the gon-
dola. The full width at half maximum (FWHM) of the 300
nm narrow-band interference filter is 10 nm, and that of the
420 nm filter is 15 nm. The process of O3 amount derivation

Fig. 4. Schematic diagram of the balloon-borne optical sensor (BOS).
The BOS optics consists of a diffuser plate, a beam splitter, narrow-band
interference filters, quartz lens and silicon photodiodes.

from the measured altitude change of solar ultraviolet radia-
tion was developed based upon the method of Holland et al.
(1985).

4. Balloon experiment
4.1 O( 3P ) measurement

The balloon experiment was performed on 9 September
1997 at SanrikuBalloonCenter (39.16◦N, 141.83◦E) of ISAS
using a plastic balloon of 15,000 m3. The balloon was
launched at 1050 JST (0150 UT), and the densities of O( 3P)

and O3 were obtained during 1247–1301 JST at altitudes
38–43.6 km (solar zenith angle was 38◦) under an ascending
speed of 6–7 m/s. The gondola for the O( 3P) instrument
was located 11 m below the balloon, and the diameter of the
balloon was about 33 m at 40 km. The effect of the balloon
on the measurement will be described later. The change in
the lamp intensity monitor at 777 nm was only +1% during
the measurement.
The total count rate is a sum of the following signals: (a)

the fluorescence from O( 3P) in the ambient air; (b) the fluo-
rescence from O( 3P) generated by O2 photodissociation in
the lamp beam; (c) Rayleigh scattering of the lamp beam
by atmospheric molecules; (d) the elastic scattering of the
lamp beam by the light block; (e) the dark count of the PMT.
The contribution from (c) was negligible above 35 km as
described before and that from (d) was also negligible ac-
cording to the laboratory test. The contribution from (b) was
estimated to be 47(±24)% of the total signal at 38 km and
19(±10)% at 43 km, based upon the numerical calculation
using the O2 concentration, the lamp photon flux and the
air flow rate. The uncertainty in this estimation was mainly
due to the uncertainty of the lamp photon flux. The ambient
O( 3P) number densities were derived after subtracting (b)
and (e) from the total signal.
Figure 5(a) represents themeasuredO( 3P)number density

profile. The data were averaged in the altitude bin of 0.2 km.
Error bars added on the profile indicate random errors (one
standard deviation). The main cause of the systematic error
came from the uncertainty in the calibration and that in the
correction (b). The systematic errors at 38 km and 43 km
were estimated to be 54% and 22%, respectively, and they
are shown in Fig. 5(a).
4.2 O3 measurement

Figure 5(b) represents the O3 number density profile mea-
sured by BOS. The accuracy and precision in determining
the O3 amount mainly depend on the following factors: un-
certainty of the absorption cross section of O3; uncertainty
of the extraterrestrial solar spectral irradiance; uncertainty
of the O3 column amount above the highest altitude attained
by the balloon; temperature dependence of the interference
filter transmission; random noise and dark signal level of
the detector. Taking these uncertainties into consideration,
random error and systematic error in the derived ozone num-
ber density above 30 km were estimated to be 6% and 3%,
respectively.

5. Discussion
Figure 6 represents a comparison of the measured and the

calculated [O( 3P)]/[O3] ratios. The solid circles indicate
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Fig. 5. (a) Altitude profile of O( 3P) measured at 38–44 km during the balloon ascent. Solar zenith angle was about 38◦. Error bars added on the profile
indicate random errors (one standard deviation). Systematic errors for the observed values at 38 km and 43 km are also shown aside from the plots. (b)
Altitude profile of O3 measured during the balloon ascent. Random error and systematic error above 30 kmwere estimated to be 6% and 3%, respectively.
The dashed curves enclose the random error range.

Fig. 6. Comparison of the measured [O( 3P)]/[O3] ratios with those calcu-
lated. The solid circles indicate the measured [O( 3P)]/[O3] ratios with
error bars of two standard deviation. Systematic errors for the observed
values at 38 km and 43 km are also shown aside from the plots. The thick
solid curve indicates the [O( 3P)]/[O3] ratio calculated using the rec-
ommended value of the reaction rate coefficient kO+O2 , and the dashed
curve by increasing the reaction rate coefficient within the recommended
uncertainty.

the measured [O( 3P)]/[O3] ratios and the error bars added
on the solid circles represent two standard deviation (95%
confidence limits). Systematic errors for the observed values
at 38 km and 43 km are also shown aside from the plots. The
thick solid curve indicates the [O( 3P)]/[O3] ratio calculated
using Eq. (1)with the recommended value of the reaction rate
coefficient (i.e. kO+O2 = 6.0×10−34×(T/300)−2.3 cm6·s−1;
DeMore et al., 1997). The dashed curve indicates the
[O( 3P)]/[O3] ratio calculated by increasing the reaction rate
coefficientwithin the recommendeduncertainty (i.e. kO+O2 =
6.5×10−34×(T/300)−2.8 cm6·s−1) as suggested by
Eluszkiewicz and Allen (1993). Note that kO+O2 values of
DeMore et al. (1990) and DeMore et al. (1997) are iden-
tical. The JO3 value was calculated using the solar photon
flux, the O2 absorption cross section and the O3 absorption
cross section recommended by DeMore et al. (1997). The
atmospheric pressures and temperatures used in the calcula-
tion of [O2] and [M], and the O3 number densities above the
balloon altitude used in the calculation of JO3 were quoted

from COSPAR International Reference Atmosphere, 1986
(CIRA1986).
Although themeasured [O( 3P)]/[O3] ratios approximately

agreedwith the calculatedwithin the experimental uncertain-
ties, they were systematically smaller than the curve of the
standard reaction rate coefficient by about 20% and close to
the curve of the increased one above 41 km. However, it is
difficult to draw a conclusion that the currently recommended
value of the reaction rate coefficient is underestimated; this
is not only because the precision and accuracy in this mea-
surementwere not sufficient but also because the discrepancy
between the measured and the calculated [O( 3P)]/[O3] ra-
tios becomes larger below 41 km if we adopt the increased
reaction rate coefficient.
This discrepancymay come from themeasurement. There

are three explanations possible. The first explanation is that
the ambient O( 3P) was partially destroyed due to the reac-
tions with unsaturated hydrocarbons outgased from the bal-
loon. This effect can explain the discrepancy above 41 km
since the outgas would increase at higher altitudes. The sec-
ond explanation is the effect of the balloon on the radiation
field. Because the balloon was located 11 m above the gon-
dola for the O( 3P) instrument, it is possible that the solar
UV flux in the measurement region was partially cut by the
shade of the balloon; this might decrease the O( 3P) produc-
tion rate. Taking into account the shape of the balloon, the
ascent velocity and the lifetime of O( 3P), this shadow ef-
fect may explain the discrepancy above 41 km. The third
explanation is the decrease of the instrumental sensitivity
factor around 41 km due to the degradation of the lamp win-
dow transmission. Although these three explanations have
a potential to solve the discrepancy, it is difficult to draw
a definitive conclusion since quantitative supports to these
explanations were not available.

6. Summary
In this paper we described the development of a balloon-

borne resonancefluorescence instrument for in-situmeasure-
ment of O( 3P) and showed the result of simultaneous mea-
surement of O( 3P) and O3. The performance of the O( 3P)

instrument was characterized by numerical simulations and
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laboratory tests. Balloon measurement was performed using
a high altitude balloon, and the altitude profiles of O( 3P) and
O3 were obtained at 38–44 km. The measurement and the
calculation were approximately consistent within the exper-
imental uncertainties, although the measured [O( 3P)]/[O3]
ratios above 41 km were systematically smaller than the cal-
culated. However, it was difficult to draw a definitive con-
clusion that there were some mistakes in our current under-
standing of the odd oxygen photochemistry, due to the large
uncertainties in this measurement.
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