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Abstract. We describe a near-IR diode laser hygrometer de-
veloped for in-situ measurement of water vapor from airborne
platforms throughout the troposphere. The sensor is based on
the absorption of a1.39-µm diode laser beam and employs
an open, folded50-cm absorption path placed in the free-
stream air using an external probe. Water vapor number dens-
ity is continuously recorded at10 Hz. Extensive laboratory
testing showed a sensitivity of1012 molecules cm−3 Hz−1/2

(signal-to-noise ratio 3). This is equivalent to a mixing ratio
of 0.3 ppmv at average midlatitude tropopause conditions
or a mixing ratio of0.6 ppmvunder boundary-layer condi-
tions. The corresponding minimum measurable absorbance
is 10−5 Hz−1/2. The laser hygrometer was field-demonstrated
aboard the NASA P3B research aircraft, during a series of
flights spanning several weeks in the summer of 1997. During
this demonstration, the laser hygrometer was intercompared
with two optical chilled mirror hygrometers. In general, the
laser hygrometer performed well; however, under some con-
ditions, it reported water vapor number densities20% greater
than the cryogenic frost-point hygrometer. This difference is
currently under study.

PACS: 07.65; 33.00; 42.80

An important component of many current atmospheric field
measurement programs is the quantification of the spatial and
temporal variability of water vapor. Water vapor has both di-
rect and indirect radiative feedbacks to climate which can
vary with altitude. Water vapor is the most abundant green-
house gas; its concentration altitude profile is a component in
determining heating and cooling rates [1]. Water vapor also
figures directly in the formation, persistence, and dissolution
of clouds. While half of all water vapor in the atmosphere
resides in the troposphere below850 mb (∼ 1.5 km), only
about10% is above500 mb(∼ 5.5 km) [2]. Although less
than about1% is found in the stratosphere, changes in the
water vapor mixing ratio there can have significant impacts
on radiative forcing of climate [2, 3]. In addition, water va-
por is reactive and participates in several important chemical

cycles. Its lifetime is about 10 days, which implies that it
is both spatially (horizontally and vertically) and temporally
inhomogeneous [1]. Measurement at many places (latitude,
longitude, altitude) and times is necessary then to achieve
a valid database.

Water vapor is currently measured in situ with several
different sensors, including the Lyman-alpha photometer, the
dew/frost-point optical chilled mirror (OCM) hygrometer,
and thin-film capacitors [4]. Thin-film capacitance sensors
have reasonably good accuracy and sensitivity. Recent re-
search, however, has revealed problems with sensitivity and
accuracy at both low and high relative humidities (RH) at al-
titudes corresponding to the tropopause (10 to12 km) [4].
At the low temperatures characteristic of the tropopause, the
temporal response of thin-film capacitance sensors also de-
grades. They can suffer from drift (arising from changing
temperature) and poisoning. The Lyman-alpha photometer
uses vacuum ultraviolet light from anH2 lamp (the Lyman-α
line at121 nm) to dissociateH2O. Emission from the excited
OH dissociation product is then detected. The technique can
suffer from chemical interference. The VUV emission is suf-
ficiently energetic to dissociate other species in the sample to
produce excitedOH directly. In addition, the calibration of
the instrument involves assuming a fixed quenching rate of
OH, which may vary with changing atmospheric conditions.
Surface acoustic wave (SAW) quartz crystal microbalance
sensors, while fairly new, possess high sensitivity and fast
temporal response. This technology may be sensitive to sur-
face contamination effects, however. State-of-the-art chilled
mirror hygrometers can measure frost points as low as about
−90◦C, use Stirling cycle coolers to regulate the tempera-
ture of the mirror, are compact, and are energy efficient [5].
Frost-point accuracies of±0.5 ◦C can be achieved. This cor-
responds to a number density accuracy of about5% at−80◦C
and about10% at −90◦C. Instrument response times can
be as fast as1 s. Proper design and maintenance procedures
are needed, however, to minimize eventual mirror contamina-
tion, to minimize overshoot on sampling low-to-high humid-
ity transients, and to minimize recovery time on wetting [4].
Problems measuring very low water vapor concentrations
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with OCMs are well known, as is the potential for supercool-
ing of the liquid water film on the mirror (for temperatures
greater than−40◦C).

The goal of this work was to develop a new water va-
por sensor with enhanced performance capabilities compared
to existing sensors, that could be routinely deployed on
a research aircraft and which would be capable of making
high-precision measurements of water vapor throughout the
troposphere. We have designed, developed, and field-tested
a near-IR tunable diode laser absorption spectrometer to meet
this need. Near-IR diode lasers have been developed into
rugged and reliable light sources by the telecommunications
industry. Stable, single-longitudinal-mode devices of useful
output power(∼ 10 mW) are readily available at a variety
of wavelengths between 0.7 and2µm. The frequency out-
put of these lasers can be modulated via the injection cur-
rent which enables high measurement rates. When coupled
with an ultrasensitive detection technique, diode laser absorp-
tion spectrometers are capable of making near-shot-noise-
limited absorption measurements. Peak absorbances as small
as1×10−5 can be routinely measured under field conditions.
Our near-IR tunable diode laser hygrometer detects water va-
por via absorption of a strong, isolated line at7181.172 cm−1

(1.3925µm) in the ν1+ ν3 combination band. This line was
chosen to maximize sensitivity and minimize the required
optical pathlength. This is among the strongest lines in the
water spectrum between 1.3 and2.0µm. A model spectrum
of the region of interest as calculated using the HITRAN
database [6] is presented in Fig. 1. In addition, our laser hy-
grometer employs an external measurement path, instead of
extractive sampling, to enable true in situ sampling.

Research-grade versions of mid-IR tunablePb-salt diode
laser spectrometers have been developed for water [7] and
have been flown on several aircraft, such as NASA’s high-
altitude ER-2 research aircraft [8, 9]. Currently, two of
NASA’s instruments are being downsized for deployment on
unmanned aerial vehicles (UAVs) [10]. These instruments
use frequency modulation (FM) detection techniques and
achieve high sensitivity by using long optical pathlengths.
While mid-IR diode laser sensors have sufficient sensitivity
for measurement of water vapor to the tropopause, they are

Fig. 1. Model HITRAN water vapor absorption spectrum near1.39µm. Ab-
sorption per meter pathlength is presented under both sea level (1013 mB,
300 K, saturated) and extreme tropopause (∼ 15 km, 120 mB, 190 K,
0.2 ppmv) conditions

less attractive than near-IR diode laser sensors for routine
aircraft deployment because of complex laser tuning behav-
ior, size, and need for cryogenic cooling. Two other airborne,
near-IR diode laser sensors forH2O vapor have recently been
demonstrated. Silver and Hovde have developed an airborne
diode laser hygrometer operating at1.31µm [11]. Extrac-
tive sampling into an absorption cell housing a folded25-m
optical path is used along with wavelength modulation spec-
troscopy detection to achieve a sensitivity of8 ppmv. Collins
et al. are developing a near-IR diode laser hygrometer that
uses an external sampling path [12].

1 Sensor performance

In contrast to the near- and mid-IR diode laser sensors men-
tioned above, which use frequency modulation (FM) detec-
tion techniques, our laser hygrometer achieves near-shot-
noise-limited absorption measurements by using a balanced
ratiometric detection (BRD) technique. This novel elec-
tronic noise-canceling technique was originally developed at
IBM [13–15] and further refined at PSI for small absorbance
measurements of atmospheric trace species [16]. The general
experimental setup is illustrated in Fig. 2. In this dual-beam
technique, the diode laser beam is split into signal and refer-
ence beams. Cancellation of excess laser amplitude noise is
achieved by balancing the photocurrents from each photodi-
ode. This balance is achieved electronically with the BRD,
in contrast to the more familiar optical intensity balance of
dual beam spectrometers. Common mode laser noise in the
two channels is reduced by more than50 dB, or 5 orders of
magnitude enabling near-shot-noise-limited absorption meas-
urements. Noise reduction to the shot-noise limit has been
demonstrated both by Hobbs [13–15] and by PSI [16]. We
have routinely used the BRD in field demonstrations to meas-
ure peak absorbances as low as10−5.

The ratiometric response of the BRD is given by

Vlog= G ln

(
Iref

Isig
−1

)
, (1)

whereG is the fixed gain of the internal integrating ampli-
fier. Substituting Beer’s law forIref/Isig in (1) produces the
relationship betweenVlog and the absorbance,α:

Vlog= G ln
[
Beα−1

]
, (2)

Fig. 2. Schematic of laser hygrometer architecture
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whereB is the ratio ofIref/Isig away from any absorption. The
absorbance is given by:

α(ν)= S(T )g(ν, ν0, T, p)N` , (3)

whereS(T ) is the linestrength,g(ν, ν0, T, p) is the lineshape,
N is the number density, and̀is the pathlength. In the limit
of small absorbance, the absorbance at a given frequency is
calculated fromVlog as

α= u

u+1

Vlog

G
. (4)

Here,u is the balance signal and equalsB−1 andG is the
instrument gain factor. Finally, the number density is deter-
mined by integrating the absorbance across the lineshape:

N =
∫
α(ν)dν

S(T )`
= 1

S(T )`

u

u+1

1

G

∑
Vlogδν . (5)

In practice, the integral is approximated by using a Simp-
son’s rule summation. The differential frequency element,δν,
is measured in the lab by using a confocal Fabry–Pérot inter-
ferometer (spectrum analyzer) for the scan range over which
the sensor operates.

The wide dynamic range of the hygrometer arises from
using a very strong, isolated water absorption line along
with a more exact development of the BRD response, using
a full inversion of Beer’s law, applicable to all absorption
regimes. The strong absorption line enables high sensitivity
for low water vapor mixing ratios for measurements at the
tropopause. The extended treatment of the BRD response is
needed to recover number densities when the absorption is
high (optically thick), which can occur at large water vapor
mixing ratios for measurements in the boundary layer.

Both the linestrength,S, and the lineshape function,g,
depend on the gas temperature withg depending on the pres-
sure as well. For atmospheric measurements, both pressure
and temperature vary with altitude. By scanning the laser
frequency across the entire absorption lineshape, the pres-
sure dependency of the lineshape function is removed from
the measurement. While the full temperature dependence of
the linestrength is used in the reduction of signals to num-
ber density, a line for which the linestrength has a minimal
temperature dependence is typically chosen for use. Scan-
ning fully resolved absorption lineshapes also reduces inter-
ferences from broadband absorbers in the background gas and
nonresonant scattering from aerosols.

We calibrated the BRD by making a series of absorp-
tion measurements over several orders of magnitude of water
concentration. The calibration experiment was performed by
adding water vapor to an absorption cell. For each water va-
por concentration, the BRD log voltage and the signal and
reference linear voltages were recorded for the entire laser
scan. Equations (3) and (4) are used to solve forN in terms
of the known water vapor linestrength, the lineshape func-
tion, the pathlength, and the measured quantitiesu andVlog.
G is then determined by a linear least-squares fit of the cal-
culated number densities to the values measured by the cali-
brated capacitance manometers. (In this work, the laser spec-
tral bandwidth (approximately100 MHz, determined using
a spectrum analyzer) has been deconvolved from the meas-
ured lineshapes.) The data and corresponding fit are shown

in Fig. 3. A linear relationship is observed between the laser
hygrometer concentrations and the capacitance manometer
concentrations over approximately three orders of magnitude.
There is a slight deviation from linearity at high water va-
por concentrations. Although we use a full inversion of Beer’s
law in our analysis, we believe that this nonlinearity may arise
from near-total attenuation of the beam at high concentra-
tions. We believe this arises from the large variation inu (or
B) that occurs at high concentations during a scan across the
lineshape. At the concentrations at which we typically work,
B does not vary significantly across the scan and it is evalu-
ated at the endpoints only.

We next examine the sensitivity of the laser hygrometer.
Figure 4 displays a water vapor absorption spectrum corre-
sponding to a water vapor number density of2.93×1014

molecules cm−3 near the lower end of the concentration
range of the data in Fig. 3. The signal-to-noise ratio (SNR)
of this data is approximately 130:1. This corresponds to
an estimated sensitivity of2.25×1012 molecules cm−3 with
a SNR of 1. For a SNR of 3, the lowest measurable wa-
ter vapor concentration under these conditions would be
6.75×1012 molecules cm−3. The spectrum in Fig. 4 is an
average of 200 sweeps acquired at a laser sweep frequency
of 200 Hz and with a9.5-kHz low-pass filter. This implies
a detection limit of9.8×1011 molecules cm−3 Hz−1/2 with
a SNR of 3. The corresponding minimum measurable ab-
sorbance is8.4×10−6 Hz−1/2. Using the US Standard At-
mosphere database [17] and pressure broadening coefficients
from the HITRAN 96 database [6], this sensitivity corres-

Fig. 3. BRD G-factor calibration plot.G was determined by a linear least-
squares fit to the data

Fig. 4. Water vapor absorption lineshape resulting in a9.8×1011

molecules cm−3 Hz−1/2 detection limit
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Fig. 5. Measured dependence ofS(T) on temperature over the range of 213
to 296 K for the 7181.172 cm−1 absorption line ofH2O

ponds to∼ 0.3 ppmv water vapor at typical mid-latitude
tropopause conditions[12 km (40 kft)] using a 50-cm ab-
sorption pathlength. For comparison, the US Standard At-
mosphere water vapor concentration at12 km is 19 ppmv.
Because of increased pressure broadening, the minimum de-
tectable number density for boundary-layer measurements
scales to1.4×1013 molecules cm−3 Hz−1/2, which corres-
ponds to0.6 ppmv(or 2×10−3%RH at296 K).

We also measured the temperature dependence of the
linestrength,S, of the 7181 cm−1 absorption line over the
range 213 to296 K. The results are plotted in Fig. 5. The
variation inSwith temperature is well described by the tem-
perature dependence of the Boltzmann factor and the internal
partition function. Our measured value ofS is a constant69%
of the value listed in HITRAN over the temperature range of
interest. For example, our measured value is(1.23±0.046)×
10−20 cm−1/(molecule cm−2) at 296 K compared to the
HITRAN96 value of1.800×10−20 cm−1/(molecule cm−2).
We have repeated these measurements several times and be-
lieve that the HITRAN value is in error. We have used our
linestrength temperature dependence in the conversion of
measured absorption to number density.

2 Airborne laser hygrometer design

The airborne laser hygrometer has a modular design. It con-
sists of a sensor processor module (SPM) connected to an
external air measurement probe via an optoelectronic umbili-
cal. The SPM houses the laser and the system computer. This
design ensures environmental control of the laser and pro-
vides maximum flexibility in positioning the air measurement
probe. The SPM is an industrial-grade, rack-mount computer
chassis that also houses the diode laser and its control elec-
tronics as well as the BRD and the data acquistion hardware.
The SPM requires space for a half-height standard instrumen-
tation rack and weighs on the order of50 lb. Power require-
ments are approximately230 W. The laser is a1.39-µm DFB
device which is internally optically isolated and fiber pig-
tailed. Temperature and current control for the fiber pigtailed
diode laser is achieved by using a single-board OEM con-
troller. The laser produces1.6 mW output at the fiber pigtail
at maximum recommended drive current and a temperature
of 26◦C. The fiber-pigtail output from the laser is coupled

to a fiber-splitter, providing the signal and reference fiber
outputs. The system computer is a single-board100 MHz
PentiumTM device. A333-kHz data acquistion card, having
32 12-bit differential inputs, is used for data acquisition and
control. Three channels are used to monitor the BRD outputs
continuously as the laser is scanned, while the remaining in-
put channels are used for monitoring laser setup and control
parameters. Four channels are reserved for flight data record-
ing. A 1-MHz analog output is used to create the laser current
sweep waveform. Digital outputs from the acquisition board
are used to control a programmable amplifier which is incor-
porated into the BRD. The BRD is mounted directly in the
sensor processor module as well. The detectors are large-area
(3 mm in diameter), dark-current-matchedInGaAsphotodi-
odes mounted within the BRD.

The laser hygrometer has been designed to be a turn-key,
stand-alone instrument requiring minimal operator interven-
tion. All aspects of laser control, laser health monitoring,
and measurement parameters are fully accessible through the
system computer via a graphical user interface written in
LabviewTM software. Data reduction routines provide for sig-
nal averaging of single-sweep absorption spectra followed
by baseline subtraction and integration. Data is reported as
water vapor number densities. Single absorption spectra are
acquired at100 Hz so that a10-Hz data reporting rate is
obtained after averaging ten individual spectra. The reduced
concentration data is continuously streamed to the hard disk.

Ancillary meteorological parameters, measured by other
sensors on the aircraft, are sampled by the system computer.
These variables include static pressure, differential pressure,
total temperature, and dew/frost point. The signals from these
sensors are processed internally by the software and are
recorded in a log file.

This laser hygrometer uses a unique external air probe
for true in-situ measurements. This strategy bypasses extrac-
tive sampling issues [7, 11] which can be important in light
of the measurement rate of 1 to10 Hz necessary for high-
spatial-resolution measurements from an aircraft traveling at
a nominal flight speed of∼ 150 m/s. The external air meas-
urement probe was designed so that the beam is launched
from the aircraft fuselage, reflected from a mirror, and re-
turned to a detector in the fuselage. The total optical air path-
length is50.84 cm. The probe assembly is shown in Fig. 6.
The main faring extends20 cmfrom the fuselage. The probe
was designed so that the measurement volume lies outside the
aircraft boundary layer. The beam is carried away from the
fuselage before being launched into the ambient air. A launch
distance of20 cm from the fuselage allows the probe to be
mounted up to20 mfrom the nose of the aircraft. A window
block is mounted at the end of the main faring. The windows
are fabricated from IR-grade fused silica and are antireflec-
tion coated. A corridor in the main faring provides passage
for the beams from the fuselage to the window. To account
for parasitic absorption in this corridor, the reference beam is
also transmitted through the corridor to a mirror at the back
of the window, and is reflected to a photodetector inside the
fuselage. This volume is also purged during flight. The launch
optics and the photodetectors are mounted inside the fuselage.
The collimators at the end of the reference and signal beam
fibers are gimbaled. Removable cover plates surrounding the
interior optics allow access to the components in flight. The
distal return mirror is mounted at the end of the mast. The
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Fig. 6. Probe assembly and optical paths

mirror support was designed to be stiff enough so that aero-
dynamic loads result in a displacement of the reflected beam
on the photodiode of less than0.21 mm. The return mirror is
gimbaled for alignment. The mirrors and windows are heated
to prevent condensation.

3 Field demonstration and intercomparison

Airborne operation of the laser hygrometer was demonstrated
aboard the NASA P3B research aircraft during the initial
phase of the Southern Great Plains Hydrology Experiment
based out of Oklahoma City during June 1997. A total of ten
flights were made between 18 June and 2 July, 1997. A typical
flight pattern involved climbing to25 kft, and flying four level
legs of280 kmin a NNE–SSW pattern with a80-km offset
between legs. The average flight duration was3.5 hours.

We intercompared the laser hygrometer with two optical
chilled mirror (OCM) dew/frost point hygrometers aboard
the P3B. These included a General Eastern GE1011 instru-
ment and a Buck Research CR1 instrument. The GE1011
is a standard aircraft instrument that uses a thermoelectric
cooler to chill the mirror. The instrument is capable of meas-
uring frost points to−75◦C; however, the dewpoint depres-
sion is55◦C, i.e., the lowest measurable dew point is55◦C
cooler than ambient. The claimed accuracy is±0.4 to−40◦C
and±1 to−75◦C. The measurement rate is typically1 Hz.
The CR1 is a research-grade instrument that uses liquid ni-
trogen (LN2) to chill the mirror. The instrument is capable
of measuring frost points to−80◦C with an accuracy of
±0.3 ◦C. The measurement rate is typically1 Hzbut all data
presented here have been averaged to10 s. Both instruments

are routinely used aboard the P3B for in-situ measurements of
water vapor.

The external air probe of the laser hygrometer was
mounted aft of the starboard wing of the P3B on a standard
window flange; it was located at a distance of890 cmfrom
the aircraft nose. The instrumentation rack was located in
close proximity to the window flange. This dual rack housed
the control instrumentation for the GE1011 hygrometer, the
entire CR1 hygrometer, and the sensor processor for the laser
hygrometer. LN2 boiloff from the CR1 hygrometer was used
to purge the interior volume of the laser probe. The air probe
for the CR1 hygrometer was located just below the PSI air
probe on the same flange. The GE1011 probe was mounted
just aft of the cockpit.

To compare measurements from the two types of instru-
ments, we used the following vapor pressure relations [18, 19]
to convert the dew or frost points measured by the chilled
mirror hygrometers to number density. Below0 ◦C, the water
vapor pressure above ice,ei , is related to the frost point,Tf , by

ei =
(
1.0003+4.18×10−6Pstat

)
×6.1115 exp

(
22.452

Tf

272.55+Tf

)
, (6)

wherePstat is the static pressure and bothei and Pstat are in
mB. The number density,N(cm−3), is then calculated from
the vapor pressure by using the ideal gas law:

N = 1000ei

1.38×10−16Tstat
, (7)

whereTstat is the static air temperature in◦C. For tempera-
tures above0 ◦C, the water vapor pressure above liquid water,
ei , is related to the dew point,Td, by

ei =
(
1.0007+3.46×10−6Pstat

)
×6.1121 exp

(
17.502

Td

240.97+Td

)
. (8)

The laser hygrometer performed well, providing data at
rates to10 Hzto compare with the chilled mirror instruments
which operated at1 Hz. A comparison of typical flight data
from the laser and 1011 hygrometers for level flight con-
ditions at25 kft is presented in Fig. 7. In this figure, laser
hygrometer data at10 Hz and averaged to1 Hz are com-
pared with data from the 1011 OCM. The data were collected
during flight 1, 14 June, 1997; the static air pressure (SAP)
was376 mb, and the static air temperature (SAT) was249 K.
The greater temporal responsivity of the laser hygrometer is
clearly evident by the structure observed in the data between
6300 and6430 s, which is absent in the OCM data stream.
A delay of 10 to15 s in the OCM data stream with regard
to the laser hygrometer data stream is also apparent in the
data. The OCM samples air into the aircraft and the observed
delay is comparable to the residence time of an air sample
flowing through the mirror chamber. Similar data for all three
hygrometers for flight 7 at25 kft are compared in Fig. 8.

The laser hygrometer generally reported somewhat higher
water vapor number densities than those calculated from the
dew or frost points measured by the chilled mirror instru-
ments. The chilled mirror instruments typically agreed with
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Fig. 7. Comparison of flight data for the laser and GE1011 chilled mirror
hygrometer for part of flight 1, 14 June 1997. The altitude was nominally
25 kft, SAT= 249 K, SAP= 376 mB. Data rates were10 Hz for the laser
hygrometer and1 Hz for the GE1011 hygrometer

one another within error limits (as is shown in Fig. 8) de-
spite the fact that they were located at different points on
the aircraft with the CR1 possibly sampling within the air-
craft boundary layer. For the data in Figs. 7 and 8, the num-
ber density measured by the laser hygrometer is about20%
greater than that reported by the 1011 OCM. This difference
between the two types of hygrometers is not well understood
at present. We are working to understand this difference via
further laboratory and field intercomparisons. One possible
explanation is that the water film on the OCM mirror was
supercooled. Figure 8 also shows the CR1 number density
calculated using (8) instead of (6) and assuming supercooling
of the film. As is shown, this assumption leads to better agree-
ment between the laser hygrometer and the CR1 hygrometer.

An example of the spatial structure that can be observed
in the water vapor field is illustrated in Fig. 9, which presents
data from flight 7 for nominally level flight in clear air at
25 kft for SAT= 252 K and SAP= 377 mB. The aircraft
made a turn at55 880 sand retraced its flight path back
through the same airmass. Thus the number density tempo-
ral history has a high degree of symmetry around the verti-
cal dotted line at55 880 s. Spatial structures on the order of
200 s(∼ 30 km) are seen repeated in the number density data
stream.

Fig. 8. Comparison of flight data for the laser and both chilled mirror hy-
grometers for part of flight 7, 25 June. The altitude was nominally25 kft,
SAT= 252 K, SAP= 378 mB. Data rates were1 Hz for the laser hygrome-
ter, 1 Hz for the GE1011, and0.1 Hz for the CR1 hygrometer

The temporal response of the laser hygrometer was excel-
lent. Figure 10 is a comparison of data from the laser hygrom-
eter and the CR1 OCM during an encounter with an almost
saturated air parcel at25 kft in much drier air during flight
10. The relative humidity, as calculated from the CR1 data,
reached about80% at the peak of the event. The static air tem-
perature and static air pressure showed only small deviations
during the event.

The ultimate sensitivity of the laser hygrometer under
field conditions was not determined because of the25-kft
operational altitude. The lowest measured concentration was
on the order of1015 molecules cm−3 with an SNR of 17 for
a1-Hz measurement. At the corresponding static air tempera-
ture and pressure, the corresponding peak absorbance would
be 5.5×10−3. The in-situ, pressure-broadened, absorption
spectrum displayed undesirable etalon fringes which were not
observed in the earlier ground-based testing of the external
probe. These fringes limited the minimum measurable num-
ber density to approximately1014 molecules cm−3. We are
working to identify the optical elements responsible for these
etalons so that the full sensitivity identified in the earlier char-
acterization work can be realized in the field.

Fig. 9. Comparison of flight data for the laser and chilled mirror hygrom-
eters for part of flight 7, 25 June. The altitude was nominally25 kft,
SAT= 252 K and SAP= 377 mB. The aircraft was halfway through a turn
at 55880 s. Data rates were1 Hz for the laser hygrometer,1 Hz for the
GE1011, and0.1 Hz for the CR1 hygrometer

Fig. 10. Comparison of flight data for the laser and CR1 hygrometers for
part of flight 10, 29 June. The altitude was nominally25 kft, SAT= 251 K
and SAP= 378 mB. Data rates were1 Hz for the laser hygrometer and
0.1 Hz for the CR1 hygrometer
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4 Future work

We are presently working to increase the measurement rate
of the laser hygrometer to better than20 Hz to enable eddy
correlation flux measurements in the boundary layer from
an aircraft. Flux measurements are made to characterize the
strength of a surface source (or sink) of a trace gas. Airborne
demonstration measurements aboard the NASA P3B aircraft
are planned for Summer 1998.

We are currently working to reduce the size and weight of
the SPM as well as fully automating the sensor. The goal is to
create a payload suitable for deployment aboard an unmanned
aerial vehicle. In ongoing work for the DOE, we are develop-
ing a laser hygrometer payload for the Altus UAV used by the
Atmospheric Radiation Measurement (ARM) program. This
aircraft has the capability to carry200-kg payloads to40 kft
and maintain them there for24 hours. Our laser hygrome-
ter payload is designed to have a weight of10 kg, including
the external air probe, and to require110 W of power. It
will occupy approximately10% of the available payload vol-
ume. The planned integration aboard the aircraft is sketched
in Fig. 11.

Future payloads will include capability for near-simultan-
eous measurement of multiple species. Using wavelength
multiplexing, we can combine the output from several lasers
onto a single fiber-optic distribution network. By using tem-
poral demultiplexing of the injection current waveforms,
a common measurement path and a single photodiode can be
used for detection. We have demonstrated near simultaneous
detection ofCO2, CH4 andH2O by using three fiber-optically
coupled lasers as is illustrated in the spectrum of Fig. 12. In
this spectrum, the absorbance (in arbitrary units) is plotted
against the “data index” which is a measure of frequency. The
region over which each individual laser is scanned is indi-
cated along the bottom of the spectrum. Outside the indicated
region, a given laser operated at constant current and wave-
length. Frequency does not necessarily increase from left to
right in the figure. TheCH4 feature at1.65373µm is an unre-
solved triplet in the 2ν3 band. TheCO2 feature at1.57141µm
is the R(22) line in the 3ν1+ ν3 combination band. TheH2O
feature at1.39167µm is an isolated line in the 2ν1+ ν3 com-
bination band. Newly available DFB diode lasers at2µm
allow access to the strong 2ν1+ν3 combination band ofCO2,
in addition to strong lines in theν2+ ν3 band ofH2O. This
will permit sensitive measurements of ambientCO2 by using
pathlengths on the order of a few meters. A spectrum of the

Fig. 11.Schematic diagram of laser hygrometer integration aboard the DOE
Altus UAV

Fig. 12. Baseline-corrected spectrum ofCH4 (0.5 Torr), CO2 (68 Torr), and
H2O (14 Torr). The spectrum is a1 s average (100 sweeps at100 Hz);
pathlength0.5 m, temperature296 K

Fig. 13. Absorption spectrum of the R16 line of the(000→ 201) band of
CO2 for ambient lab air at296 K and0.5 m pathlength

R16 line in this band for ambient air at296 K is presented in
Fig. 13. This spectrum indicates the high signal-to-noise ratio
achievable with as little as0.5 m of optical path. The peak
absorption is2.4×10−3.

5 Conclusion

We have developed a near-IR diode laser hygrometer for
in-situ measurement of tropospheric water vapor from air-
craft. The sensor uses an external optical measurement path
defined by using a symmetric airfoil for true in-situ sens-
ing of free-stream air beyond the boundary layer of the air-
craft. The laser hygrometer has a10 Hz measurement rate
and a dynamic range greater than three decades. It is ca-
pable of measuring ambient water vapor levels from the
Earth’s boundary layer to the tropopause. Based on exten-
sive laboratory testing, the laser hygrometer has a predicted
sensitivity of 1012 molecules cm−3. This sensitivity corres-
ponds to approximately0.3 ppmvwater vapor at typical mid-
latitude tropopause conditions. Because of pressure broaden-
ing, the minimum detectable number density for boundary
layer measurements is1013 molecules cm−3, which corres-
ponds to0.6 ppmv at 1 atm and 296 K. The laser hygrom-
eter was deployed aboard the NASA P3B research aircraft
and demonstrated over a series of flights during the summer
of 1997. It was successfully intercompared with two optical
chilled mirror hygrometers. An improved version of the sen-
sor will undergo further flight testing during the summer of
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1998. A downsized and fully automated version of the sen-
sor is being developed for deployment on unmanned aerial
vehicles.
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