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Abstract. A passive instrument based on a Fabry-Perot interferometer
was designed and used for oxygen atmospheric column absorption mea-
surements. The instrument operates in the oxygen A-band spectral re-
gion from 759 to 771 nm. Surface solar irradiation reflected off the Earth
is detected using two channels at two wavelengths—one for pressure
sensing and the other for temperature sensing. Each channel of the O2
column measurement system consists of two subchannels—Fabry-Perot
and reference. Solid Fabry-Perot etalons were designed and used to
confine the response to the O2 absorption bands. The etalons have free
spectral ranges of 0.575, 0.802, and 2.212 nm. Two narrow bandpass
filters �760 to 764 and 767 to 771 nm� were also used. The instrument is
sensitive to changes in oxygen column as small as 0.88 mbar for
ground-based experiments and 5 mbar for airborne measurements. The
major advantages of the optical setup are its compactness, high sensi-
tivity, high signal-to-noise ratio, and stability for both ground and airborne
experiments. © 2006 Society of Photo-Optical Instrumentation Engineers.
�DOI: 10.1117/1.2387878�
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1 Introduction

Precise measurements of trace gas concentrations are im-
portant for understanding the physical processes in the at-
mosphere and hence for prediction of climate changes and
better understanding of global warming.

Remote sensing of the atmosphere using the oxygen A
band has been studied for many years. Different techniques,
both active and passive, were used to determine the cloud-
top pressure and temperature. The Profiling A-Band Spec-
trometer Visible Imager �PABSI� measured the atmospheric
radiance of the O2 A band and determined the optical depth
and altitude of thin clouds and aerosols. Retrievals of aero-
sol and cloud properties were done by Stephens and
Heidinger.1–3 The Global Ozone Mapping Experiment
�GOME� onboard the ERS-2 satellite measured the oxygen
A band to obtain information on the altitude distribution of
aerosols.4 SCIAMACHY5 �Scanning Imaging Absorption
Spectrometer for Atmospheric Chartography� was designed
to measure atmospheric trace gases such as O3, NO2, O2,
�O2�2, and H2O. MERIS6,7 �Medium Resolution Imaging
Spectrometer� is measuring the solar radiation at the top of
the atmosphere, where sun radiation is attenuated mainly
because of O2 absorption, and gives information about the
surface elevation.

O’Brien et al.8 measured the surface pressure from a
research aircraft, using the oxygen A band of sunlight re-

flected from the sea surface and a grating spectrograph di-
rected toward the sun. They showed that the scattering can-
not be neglected and the scattered radiance depends
primarily on the adjusted airmass. The accuracy of their
instrument was 2 kPa �20 mbar�, and after the analysis they
derived additional information about the scattered radiance
and enhanced the accuracy to 1 mbar. O’Brien and
Mitchell9 also studied the temperature sensitivity of the
A-band absorption.

Stam et al.10 numerically studied cloud top altitudes
from reflected sunlight radiances in the A band. Their con-
clusion is that the polarization of the reflected light should
be measured with the same spectral resolution as the radi-
ances to minimize the errors due to instrument polarization
sensitivity. The authors also performed radiative transfer
calculations for a theoretical investigation of the behavior
of the linear polarization of the light emerging from the top
of the cloudless atmosphere in the wavelength region of the
O2 A absorption band. The degree of linear polarization
was determined using the Stokes vector calculus and four
model atmospheres; the result of their work was that for a
given surface albedo, the variation of polarization across an
absorption line depends on the scattering properties of the
atmospheric particles and on their vertical distribution. In
an inhomogeneous atmosphere, in which the scattering
properties vary with the altitude, the degree of linear polar-
ization of reflected light outside an absorption line can dif-0091-3286/2006/$22.00 © 2006 SPIE
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fer significantly from that inside a line; that is a problem for
polarization-sensitive spectrometers like GOME and
SCIAMACHY.

Cloud altitude determination using the oxygen A band
was studied by Wark and Mercer,11 Saiedy et al.12 and Kuze
and Chance.13 The last of these expected that a proper com-
bination of the satellite radiance measurements and cloud
scattering models would suffice to separate albedo and
cloud reflectivity and to obtain high accuracy. The authors
determined the cloud top height and cloud coverage param-
eter by least-squares fitting to calculated radiance ratios in
the oxygen bands.

Fisher and Grassl14 also did radiative transfer calcula-
tions to derive the cloud-top pressures, from backscattered
solar radiances, using oxygen A-band absorption. Cloud
properties like the cloud-top height, optical thickness, drop-
let size distribution, and temperature need to be included in
calculations so that more precise climate study can be
achieved. Fisher et al.15 used a lidar technique and did ra-
diance measurements with an optical multichannel analyzer
so as to compare the calculated and measured radiances.
They investigated low-level stratus clouds using the ab-
sorption in the oxygen A band and found that the physical
processes within and at the upper layer of the cloud are
different. The cloud-top heights predicted by their algo-
rithm agree well and are close to the results of Boers et al.16

Breon and Bouffies17 achieved land surface pressure es-
timates with the POLDER �Polarization and Directionality
of the Earth Reflectance� instrument, which covered the
oxygen A band. The authors developed a radiative transfer
model that connected single scattering with the surface re-
flectance. The validity of the model decreases with increas-
ing aerosol optical thickness when multiple scattering oc-
curs.

Most recently, Daniel et al.18 studied the absorption by
oxygen along with the O2-O2 collision complex and oxy-
gen B band in order to retrieve better information about
cloud parameters. In addition to O2 discrete lines, there is
broadening from the O2-O2 collision complexes. Retrieving
data from the oxygen B band �686 to 698 nm� along with
O2-O2 collision absorption �477 nm� in addition to retriev-
ing data from the oxygen A band �755 to 775 nm� decreases
the uncertainty in retrieving the cloud parameters by more
than 50% compared to using the oxygen A band alone.
Their retrieval did not require calibrated radiance measure-
ments.

The dayglow, absorption, and emission of the O2 atmo-
spheric bands were studied in a number of papers.19–21 The
authors present theoretical models and experimental results
with a Fabry-Perot interferometer flying on Dynamics Ex-
plorer 2 to investigate the brightness of the emission of the
A band in the thermosphere, and their instrument allowed
the daytime emission to be observed between 60 and
300 km.

There has been a lot of research done using the oxygen
A band and different spectroscopic techniques, active and
passive. The passive instruments can be more easily de-
ployed on an aircraft or a satellite. The active techniques
using lidar methods need to operate stable laser systems in
space and thus are technically more difficult. The prototype
Fabry-Perot instrument that we constructed is passive, has
high sensitivity and reduced dimensions in comparison

with other instruments, and has already gone through rig-
orous laboratory, ground-based, and airborne experiments.
The initial results show that the instrument is particularly
sensitive and with ground measurements we can detect
changes as small as 0.88 mbar in 1 s; the airborne sensitiv-
ity is 5 mbar in 0.1 s at present.

The purpose of this paper is to demonstrate the architec-
ture, design, and testing �laboratory, ground-based, and air-
borne� of a new remote sensing instrument using a novel
technique. The performance specifications of the instru-
ment and its peculiarities are described in detail. The con-
cept of the instrument and the technology can be used to
target other trace species as well.

2 Measurement Approach
The instrument is based on a novel application of a Fabry-
Perot interferometer and was constructed and assembled at
NASA’s Goddard Space Flight Center under the Instrument
Incubator Program. Laboratory and ground-based tests
were performed to evaluate the system’s performance. An
improved version of the instrument was recently deployed
and tested at Dryden Flight Research Center aboard
NASA’s DC-8 Airborne Science Laboratory.

The instrument was designed to have two channels—an
oxygen-pressure-sensing channel to take account of the
pressure variations, and an oxygen-temperature-sensing
channel. The purpose of the latter is not to measure the
geophysical temperature but to correct the pressure channel
data. The pressure channel is well defined by a narrow
bandpass filter, which selects a spectral range from 760 to
764 nm of the oxygen A band, where the absorption coef-
ficient is less sensitive to temperature. The temperature-
sensing channel uses a different bandpass filter �767 to
771 nm�, where the oxygen absorption lines are more sen-
sitive to temperature changes. The narrow bandpass filters
have 30-mm clear aperture.

Each of the two channels of the measurement system
consists of two subchannels—the subchannel that includes
the Fabry-Perot etalon, hereafter called the Fabry-Perot
subchannel, and the reference subchannel,22,23 which de-
tects the total light intensity limited by the bandpass filter’s
spectral range. We used solid fused silica Fabry-Perot eta-
lons with clear aperture of 30 mm and with highly reflec-
tive coatings on both surfaces. The light that passes through
the etalon undergoes multiple reflections on each inside
surface, creating an interference pattern of equidistant
fringes that depends on the frequency. The width of the
passbands depends on the quality of the coatings and on the
flatness and parallelism of the surfaces. The Fresnel formal-
ism gives the reflected and transmitted amplitude compo-
nents for the light wave as functions of the optical constants
of the two media and the angle of incidence. The resulting
intensity follows the Airy function distribution pattern. An
ideal Fabry-Perot etalon with perfectly flat surfaces trans-
mits a narrow spectral band, and the energy transmission
coefficient IT is given by24

IT =
T2

�1 − R�2�1 +
4R

�1 − R�2 sin2�2�nd cos �

�
��−1

, �1�

where � is the wavelength, n is the refractive index, d is the
thickness of the etalon, � is the angle of incidence within
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the cavity, T is the intensity transmission coefficient for
each coating, and R is the intensity reflection coefficient.
The most important parameters of the etalon are the free
spectral range �FSR�, which is the spacing between the
passbands; the reflection finesse NR, which depends only on
the reflectivity of the coatings; and the contrast C, defined
as the ratio of the transmission at the maximum of the
passband to the transmission at the minimum between the
fringes. The FSR is given by24,25

FSR =
�2

2nd cos �
, �2�

the reflection finesse is

NR =
�R1/2

1 − R
, �3�

and the contrast is

C = �1 + R

1 − R
�2

. �4�

Three different solid Fabry-Perot etalons with FSRs of
0.575, 0.802, and 2.212 nm and refractive index n
=1.4538 at �=762 nm were used. The thickness of the eta-
lon should be accurately calculated in advance so the trans-
mitted fringes can be aligned with the O2 absorption lines.
The solid Fabry-Perot etalons have a fixed passband and
can be coarse-tuned by tilting. In order to fine-tune the
etalons’ transmission lines we used the strong temperature
dependence of the refractive index of fused silica. The
spectral shift is due to the change of the refractive index of
the etalon’s optical material. It depends on the temperature
as

n = n0 + ��T − T0� , �5�

where n0 is the refractive index at temperature T0, and � is
the thermal coefficient of the refractive index of the fused
silica, �=1.28�10−5 K−1. The transmission lines shift to
longer wavelengths by typically 0.02 nm/K for fused
silica.26 The temperature was varied in steps of 0.01 K, as
we wanted to fully explore the etalons’ performance. The
controllers’ stability by specification is �0.002 K. The
temperature sensors’ precision is �0.01 K. The tempera-
ture needs to be controlled with 0.5-K precision to keep the
alignment stable. The stability of the temperature is impor-
tant because even small temperature instability during the
experiment can cause variations in the wavelength of trans-
mitted fringes.

3 Experimental

3.1 Instrument Setup
The instrument setup is shown in Fig. 1. The incoming light
is collimated by two off-axis parabolic aluminum mirrors.
The field of view is limited by a 2-mm pinhole positioned
at the focal point of the mirrors. A chopper was used to
modulate the light at 380 Hz. The incoming light is then
split between the pressure- and temperature-sensing chan-
nels by a 50-50 beamsplitter. The two channels are identical
except for the wavelengths. The first one was designed for
measurements of the pressure variations, and the second
one for temperature variations of the atmospheric oxygen
column. The incoming light was first prefiltered at a central
wavelength of 762 nm and directed through the pressure-
sensing channel. The prefilter was mounted in a
temperature-controlled oven to avoid wavelength fluctua-
tions. The windows of the oven were wedged to avoid in-
ternal interference. The light is then split between the
Fabry-Perot and reference subchannels of the pressure-
sensing channel, with 90% of the light going to the Fabry-
Perot subchannel. In the Fabry-Perot subchannel the light

Fig. 1 The laboratory version of the O2 measurement system.
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passes through the Fabry-Perot etalon mounted in a
temperature-controlled oven for fine FSR tuning. The win-
dows of the oven are again wedged to avoid internal inter-
ference. A set of Risley prisms directs the beam to be fo-
cused on a Si detector mounted at the focal plane of the
focusing lens. The temperature-cooled detectors’ sensitivity
is 150 V W−1. Both Fabry-Perot and reference signals were
measured using the lock-in amplifier technique.

Our measurement setup uses four lock-in amplifiers
�model SR830 from Stanford Research Systems�. Custom
LabVIEW-based software has been developed for control-
ling the measurement system and collecting the data. The
independent parameters set at the beginning of the mea-
surement series were the temperatures of the bandpass fil-
ters and the solid Fabry-Perot etalons, the time constants
for the lock-in amplifiers, and the sampling frequency.
They were monitored constantly. A warm-up time of
20 min was provided. We monitored also the temperature
controllers, the temperature of the instrument box, and the
ratio of the Fabry-Perot subchannel to the reference sub-
channel intensity of both temperature- and pressure-sensing
channels. The data were collected with time constant 0.1 s
and analyzed using IDL routines to handle large data sets
and plot experimental data as signal ratios and airmasses.
The IDL routines were also used to model the expected
performance of each hardware version of the instrument,
based on the following independent parameters: refractive
index of fused silica, temperature of the atmosphere, oxy-
gen molecule data from Hawks �HITRAN atmospheric
software�, observed ground area, albedo, altitude, detector
efficiency, prefilter peak transmission, spectral range of in-
terest, and finesse of the solid Fabry-Perot etalon.

3.2 Laboratory Measurements
The experimental setup as discussed is shown in Fig. 1. A
tunable laser coupled to a multimode fiber was used as a
light source. The light exiting the fiber was collimated and
directed to a gas cell. The gas cell used in this experiment is
1.5 m long. Two different etalons were used in the Fabry-
Perot subchannel module of the pressure-sensing channel.
The first one has an FSR of 0.802 nm, and the second of

2.212 nm. For the temperature-sensing channel we used a
different multipass gas cell with 80-m effective path length,
and we also used a third etalon �FSR 0.575 nm� for a
Fabry-Perot subchannel module. The light exiting the gas
cell was collimated and directed to the instrument
temperature- and pressure-sensing channels.

3.2.1 The pressure-sensing channel

Measurements with the FSR=0.802-nm etalon, active
Fabry-Perot subchannel. The first measurement ap-
proach was to detect the oxygen absorption using the
change of the intensity in the Fabry-Perot subchannel. We
achieved that through aligning the Fabry-Perot etalon trans-
mission lines with the strong oxygen absorption lines in the
P branch of the oxygen A band using fine temperature tun-
ing of the etalon. The corresponding thickness of the etalon
is 0.249 mm. We recorded laser scans from 760 to 764 nm,
in increments of 0.006 nm, of the gas cell filled with pure
oxygen at 500-Torr pressure at room temperature. The
Fabry-Perot etalon was mounted in an oven heated to
20°C. The Fabry-Perot subchannel is very sensitive to the
pressure in the gas cell. The transmittance of the Fabry-
Perot etalon decreases with increasing pressure. The ratio
of the transmitted intensity of the Fabry-Perot to that of the
reference subchannels, hereafter called simply the ratio, de-
creases with increasing gas pressure. A pressure of
1000 Torr yields a column absorption equal to 0.1% of the
atmospheric column. The response of the ratio to the pres-
sure change is shown in Fig. 2. The pressure change from 0
to 1000 Torr causes a decrease in the ratio. Both experi-
mental points with error bars and the trend line are shown
in this figure.

Measurements with the FSR=2.212 nm etalon, active
reference subchannel, active measurement. Our sec-
ond approach to measuring the oxygen absorption is based
on the change in the reference subchannel intensity while

Fig. 2 Pressure-sensing channel: the ratio as a function of oxygen pressure. Experimental points with
error bars, and linear fit.
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using the Fabry-Perot intensity as a base value. We de-
signed a new Fabry-Perot etalon with FSR 2.212 nm for
this measurement. This etalon has only one transmission
line in the bandpass filter spectral range of 760 to 764 nm.
Fine temperature tuning of the etalon was used to place the
transmission line in the gap between the P and R branches
of the oxygen A band. In this way all oxygen absorption
doublets are blocked by the Fabry-Perot etalon. They are,
however, detected by the reference subchannel, making it
the active channel for this experiment.

The advantages of this setup are better sensitivity, better
repeatability, easier temperature alignment of the Fabry-
Perot etalon, and less noise. The ratio of Fabry-Perot to
reference subchannel intensity becomes more sensitive to
pressure changes in the gas cell.

The ratio as a function of the oxygen pressure in the gas
cell is presented in Fig. 3. Here again the experimental
points are shown with error bars and the trend line is in-
cluded. Our scans show that at 22°C temperature of the
Fabry-Perot etalon, its transmission line can be placed ex-
actly in the gap between the two branches of the oxygen A
band.

3.2.2 The temperature-sensing channel
We used the active measurement approach as described in
connection with the pressure-sensing channel �Sec. 3.2.1�.
The spectral region between 767 and 770 nm was chosen
because the oxygen absorption lines are very sensitive to
the temperature changes there, the absorption lines are very
well defined, and we were able to easily align the Fabry-
Perot transmission lines to the oxygen lines and to keep the
alignment stable for extended periods of time. We used a
Fabry-Perot etalon with FSR 0.575 nm, corresponding to
thickness 0.355 mm, and were able to align it with oxygen
absorption lines by increasing the temperature of the etalon
to 71°C �Fig. 4�. The multipass gas cell with path length
80 m was used at this experiment. The gas pressure in the

cell was 350 Torr, and the temperature was 22°C. The tem-
perature channel was used to obtain the weighted-average
atmospheric column temperature for use with the data on
the pressure-sensing-channel.

3.3 Ground-Based Measurements
The Earth’s surface is usually treated as Lambertian �the
reflected radiation is assumed to be unpolarized and isotro-
pic� for space- and airborne remote sensing applications.
However, natural surfaces are usually non Lambertian: they
scatter anisotropically and can be characterized by their bi-
directional reflection distribution function. The solar flux
becomes polarized to some degree in passing through the
Earth’s atmosphere and is diffusely reflected from trees,
grass, etc. The light illuminating a region on the surface
consists of a specular and a scattered component. The
strength of the scattered component depends on the atmo-
spheric conditions and the nature of the scatterers. A cloudy
sky performs as a good diffuser of the passing radiation, so
the incident light is fully diffused on cloudy days. For a
clear sky in Greenbelt, MD, the measured direct component
is approximately 80% of the total incident solar radiation in
the visible and infrared regions.

Using basically the same setup as shown in Fig. 1, we
performed a series of ground-based O2 atmospheric column
absorption measurements. The presented results are of a
ground-based experiment performed in Greenbelt, MD un-
der cloudy atmospheric conditions. The diffusely scattered
light behaves differently from the specular, which affects
the total O2 column absorption. The net effect is difficult to
quantify because of the wavelength-dependent properties of
the cloud particles and the fact that the scattering particles
are different and may change rapidly. The atmospheric
backscattering, for example, will decrease the total column
absorption. The measurements were performed with the in-
strument looking at a Spectralon spectrally flat diffuse re-
flective target. The scattered light was directed into the in-
strument with the mirror mounted at 45 deg. The
instrument was placed in a temperature-controlled box to
protect it from environmental perturbations. The path
length of the light through the atmosphere has a scattered

Fig. 3 Pressure-sensing channel: the ratio as a function of oxygen
pressure. Experimental points with error bars, and linear fit. The
Fabry-Perot transmission line is placed in the gap between the ab-
sorption lines of the oxygen A band.

Fig. 4 Temperature-sensing channel: experimental fine-tuning. The
Fabry-Perot transmission lines are aligned with the oxygen absorp-
tion bands.
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component introduced by scattering of various aerosols.
The scattered component can profoundly affect the path
length of the light through the atmosphere. We attempted to
eliminate it by blocking the direct beam at regular intervals
and using the data taken with the blocked beam to correct
for the scattering. We express the dependence of the two
signals at blocking by the calculated ratio

Rcal =
IFP1 − IFP2

IRe1 − IRe2
, �6�

where IFP1 is the intensity in the Fabry-Perot subchannel
when the Spectralon target is not blocked and the light has
both specular and diffuse components, and IFP2 is the inten-
sity in the Fabry-Perot subchannel when the specular beam
is blocked and only diffuse light is entering the instrument.
Similary, for the reference subchannel, IRe1 is the intensity
when the Spectralon is unblocked, and IRe2 is the intensity
when the specular beam is blocked. The calculated ratio
Rcal is different from the ratio we used in previous subsec-
tion. Using this approach, we were able to obtain the Rcal of
the Fabry-Perot subchannel intensity versus the reference
subchannel intensity, which depends mostly on the specular
component of incident solar radiation. This Rcal corre-
sponds very well to the change of the airmass �the secant of
the zenith angle� during the day. To allow for the sphericity
of the earth in spite of the plane-parallel approximation, the
Chapman function replaces the secant of the zenith angle.
The airmass is an indication of the path length the solar
radiation travels through the atmosphere. An airmass of 1.0
means the Sun is directly overhead and the radiation travels
through one atmosphere thickness. The airmass describes
the amount of atmosphere that solar radiation passes at a
given time and changes during the day as the Sun moves in
the sky. At low altitude angles the airmass is much larger
�the solar radiation needs to pass a longer distance through
the atmosphere� than when the Sun is near its zenith.

A Fabry-Perot etalon with FSR 0.802 nm and thickness
0.249 mm was used in the ground-based experiment per-

formed in Greenbelt, MD. The separation between the
transmission lines of this etalon matched the separation be-
tween the oxygen absorption lines in the P branch of the
oxygen A band. The Rcal is inversely proportional to O2
concentration and reflects the airmass change over time as
shown in Fig. 5. Figure 6 shows how Rcal decreases with
the increase of airmass during the day. The result confirms
our conclusions from the lab measurements using the same
etalon �Fig. 2�.

A new ground-based experiment using a Fabry-Perot
etalon with FSR 2.212 nm was performed at NASA’s Dry-
den Flight Research Center, CA, in May 2004 under clear
atmospheric conditions. A sun tracker was used for the
measurements to keep the input optics always best oriented.
Fiber optics directed the solar radiation into the instrument,
avoiding stray light from close objects. The intensity ratio
of the Fabry-Perot subchannel to the reference subchannel
as a function of the airmass is presented in Fig. 7. The ratio
increases with increasing airmass: a larger airmass means
more oxygen, more absorption, and a smaller reference sig-
nal. We can see how well the ratio of the two signals and
the airmass for the day are correlated. The standard atmo-
spheric pressure equals 1013 mbar at sea level. The mea-
sured ratio of Fabry-Perot subchannel to reference subchan-
nel intensity equals 0.00087 airmass units at 1-s integration
time. Therefore the measured ratio noise is estimated to be
0.88 mbar. The precision demonstrates that the instrument
has real potential for use as a ground sensor to correct for
terrain variations of measurements of a trace species such
as CO2.27,28 The same experiment was performed at a dif-
ferent day, again at Dryden, and the ratio of the two signals
�Fabry-Perot to reference� was measured and is plotted with
the airmass changes as a function of time in Fig. 8.

The temperature dependence on the ratio of Fabry-Perot
to reference signal is presented in Fig. 9. The temperature-
sensing channel was operated in the spectral region 767 to
771 nm, where the oxygen absorption lines are very sensi-
tive to temperature changes. The ratio of the two signals

Fig. 5 Calculated ratio for field measurements: prefilter at 762 nm, Fabry-Perot etalon temperature
20°C. The measurement was performed with the instrument looking at the Spectralon target. Local
daylight saving time is used.
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�Fabry-Perot/reference� decreases with increasing average
atmospheric column temperature during the day.

3.4 Airborne Measurements
In order to prepare our instrument for airborne test mea-
surements, we designed and built a flight-hardened version
slightly different from the previous ones. The modifications
were necessary because the flight version was exposed
to more mechanical stress. The electronics were also
ruggedized for operating onboard NASA’s flight
laboratory—a DC-8 aircraft. The two channels have re-
duced dimensions, and instead of lenses we used two gold-
coated off-axis parabolic mirrors to focus the light onto the
detectors. The flight unit also employs more rugged optical
mounts and integrated optical shielding.

We measured the intensity of light reflected from the
Earth’s surface. The solar radiation passes through the at-
mosphere, reflects off the Earth’s surface, and then enters
the instrument through a downward-viewing mirror, which

views the ground through a portal in the bottom of the
DC-8 aircraft. The incident light is then collimated with the
two off-axis parabolic mirrors. The pinhole diameter is
2 mm, and the instrument field of view is 20 mrad. The
instrument was mounted on 12-mm-thick aluminum plate
within a fiberglass enclosure through vibrationally isolated
wire-rope mounts positioned at the bottom four corners of
the enclosure.

The measured data of our first flight are shown in Fig.
10. The DC-8 was flying south over the San Joaquin valley
of central California, and the aircraft slowly descended
from 6150 to 300 m and then began to climb back up. The
airplane altitude is plotted in gray, and the ratio of the
Fabry-Perot signal to the reference signal for the pressure-
sensing channel is the black line. The pressure in the atmo-
sphere increases with decreasing altitude, dropping off al-
most exponentially at lower altitude. But percentage of
oxygen �its mixing ratio� remains the same, 21% of the
total air. When the airplane climbs up, the solar radiation

Fig. 6 The calculated ratio and trend line as a function of the airmass.

Fig. 7 Ratio as a function of the airmass: experimental points and linear fit. The inset graph shows an
expaned plot of the measured ratio for 2 min; the given standard deviation is calculated.
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passes through more airmass and therefore more oxygen,
and the ratio of the two signals increases �Fig. 10�. The
spikes in the ratio arise from data obtained when the air-
craft was turning. As we see, the ratio is tracking very well
the pressure altitude of the plane during the flight. During
the first 20 min the ratio is not constant, because the Fabry-
Perot etalon temperature is not stable yet. When the aircraft
is going down, the path of the beam is shorter; that means
less absorption, a bigger reference signal, and as a result a
smaller ratio. The standard deviation is calculated to be
0.00393 �Fig. 10�. The ratio of the two signals changes by
about 0.8 per unit airmass. The noise in the ratio of Fabry-
Perot to reference subchannel intensity in the pressure-
sensing channel corresponds to 0.005 airmass units at
0.1-s integration time. We can detect changes in pressure as
small as 5 mbar in 0.1 s in the airborne experiment.

The airmass changes were also calculated and are shown
in Fig. 10. The aircraft radar altimeter and atmospheric
pressure at corresponding altitude were used to derive the

surface pressure, assuming a standard atmospheric profile.
The airmass was calculated as the slant column from the
sun at the top of the atmosphere to the surface plus the
distance from the surface at nadir to the airplane.28,29

For the airborne pressure-sensing experiments the solid
etalon with FSR 2.212 nm was used. The expected intensi-
ties for all subchannels of the instrument, their ratio, the
standard deviation, and sensitivity were then calculated.
The calculated ratio of the signals in the subchannels cor-
responds to our experimental data. The sensitivity calcu-
lated by the model is better than the sensitivity for the
aircraft measurements. That is not a surprise, because in the
real measurement the environment is not ideal, we have
rapidly changing albedo, clouds, airplane vibrations, tem-
perature, atmospheric turbidity, and precipitable water va-
por. All those factors reduce the sensitivity in comparison
with the modeled sensitivity.

The flight test data for the temperature-sensing channel
are presented in Fig. 11. The flight was on 17 May, a

Fig. 8 The ratio �black line� and the airmass �gray line� against time. Local daylight saving time is
used. The inset graph shows an expanded plot of the measured ratio for 9 min; the given standard
deviation is calculated.

Fig. 9 Temperature-sensing channel: the ratio as a function of temperature. Experimental points and
linear fit.
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cloudy day; the data for the temperature are from the infor-
mation collection and transmission system �ICATS� of the
DC-8 plane; they were saved and analyzed after the flight.
When the average column temperature decreases, the ratio
of Fabry-Perot to reference intensity increases. The depen-
dence matches the changes detected in the lab with the gas
cell using the same etalon. The oxygen absorption lines in
the spectral region 767 to 769 nm become almost twice as
strong on increasing the temperature from 260 to 310 K.
The Fabry-Perot subchannel signal decreases as the oxygen
absorption lines are aligned with the Fabry-Perot etalon
transmission lines. Therefore the ratio of Fabry-Perot to
reference intensity decreases as well. The aligning of the
Fabry-Perot transmission lines with the oxygen absorption
lines in lab measurements is shown in Fig. 4. Figure 9
shows ground-based measurements with the temperature-
sensing channel, and Fig. 11 shows the flight data.

Conclusions

We have designed and tested an instrument, based on a
Fabry-Perot etalon, for total atmospheric column measure-
ments of the surface pressure in the oxygen A band. We
have demonstrated the instrument’s significant capability to
detect O2 in laboratory, ground-based, and airborne experi-
ments. Our estimate of the system’s performance indicates
that with the current design and a sun tracker, the instru-
ment’s sensitivity to oxygen column changes is as good as
0.88 mbar in ground-based experiments. The precision
shows that the instrument has real potential for use as a
ground sensor to correct for terrain variations of measure-
ments of a trace species such as CO2. To be useful for this
purpose, the precision of the O2 measurement needs to be
somewhat better than 1 in 400. In our case, 1 mbar out of
nominal 1013 mbar meets this requirement. The instrument

Fig. 10 The instrument’s response to the altitude in meters on the airborne mission. The ratio for the
pressure-sensing channel and the airmass as a function of time are shown. The inset graph shows
expanded plots of the measured ratio and altitude for 4 min. The standard deviation is calculated to be
0.00393. Local daylight saving time is used.

Fig. 11 Aircraft measurements of the ratio of Fabry-Perot to reference signal for the temperature-
sensing channel �black line�, and the surface temperature �gray�, as functions of time. Data are taken
at 1-s intervals with an instrument integration time of 0.1 s. Local daylight saving time is used.

Georgieva et al.: Total column oxygen detection…

Optical Engineering November 2006/Vol. 45�11�115001-9
Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 18 Dec 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



also can be deployed on aircraft or satellites to perform
space measurements. The detected sensitivity for the air-
borne experiments is 5 mbar. Reduced sensitivity for those
measurements arises because atmospheric scattering makes
the solar radiation path length more variable and uncertain.

The advantages of the presented technique are its sensi-
tivity and ability to measure other trace gas species as well.
The design is simple and cheap in comparison with other
remote sensing instruments. The instrument’s portability
and its capability of real-time measurements are advantages
also.
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