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A prototype optoelectronic hygrometer, based on absorption of laser light tuned to a specific
rovibronic absorption line of H,O at 1364.68961 nm is described. Target application is meteorol-
ogy, in particular precise and fast measurements of small-scale humidity fluctuations in turbulent
atmospheric flows. Tests of the prototype instrument performed in the atmospheric boundary
layer have proven the advantage of this optoelectronic sensor over typical, commercially available
UV hygrometers designed for similar applications.
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1. Introduction

Water vapor belongs to the main components of the atmosphere. Despite relatively low
contribution to the overall mass of air, it plays a vital role in shaping weather and cli-
mate. Its optical properties affect radiative transfer making it the greenhouse gas of
greatest importance. The evergoing transitions between three different phases of water
result in formation of clouds, rainfalls and latent heat release.

Highly inhomogeneous distribution of water in the atmosphere poses a serious
challenge for proper measurements of the vapor concentration because the mixing ratio
can change by orders of magnitude on short length scales. Indeed, substantial gradients
of H,O concentration are observed in regions where air masses of different origin mix,
e.g., at cloud-clear air interfaces [1] or close to water vapor sources in the atmospheric
boundary layer [2]. Thus, fast response stable humidity sensors are necessary to study
such processes.

For stationary systems aimed at measuring vapor fluxes in the atmospheric boundary
layer, the sampling rate of at least 10 Hz is required to reach spatial resolution of 1 m,
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assuming 10 m/s wind speed. To achieve similar resolution in space using moving plat-
forms, appropriately faster sampling needs to be used. For instance, a research aircraft
with the speed of roughly 50-200 m/s should be equipped with the sensor capable of
sampling with the rate of at least 100 Hz. However, the resolution mentioned is still
not satisfactory for many applications, e.g., studying cloud microphysics and thermo-
dynamics [3] (in particular activation of cloud condensation nuclei, droplet growth,
precipitation formation) where reaching Kolmogorov length scale (i.e., the smallest
scale in turbulent flow ~1 mm) is desirable.

The variety of instruments has been developed to measure water vapor concentra-
tion in air. Yet, the time resolution of widespread electronic capacitive or resistive
hygrometers and dew point sensors lays typically in the range 10—100 s [4]. In conse-
quence, only optical systems are able to meet the fast response demand. Several pro-
fessional hygrometers based on the light absorption in UV range are available, e.g.,
Lyman-a hygrometer [5] and KH20 Krypton hygrometer [6]. Both can sample with
the rate up to 100 Hz. Nevertheless, inconveniences arising from the method, like drift
ofthe source intensity or contamination of the windows made of hygroscopic materials,
have to be overcome by incessant calibration or by baselining the high-frequency out-
put to the humidity values provided by a slower, but stable, hygrometer.

In this paper we describe the new optoelectronic fast infrared hygrometer (FIRH),
designed for independent measurements of water vapor concentration in air, based on
the absorption of laser light tuned to specific rovibronic line of H,O molecule in the
near infrared range. In Section 2, we briefly explain the principle of operation. This is
followed by detailed description of the instrument in Section 3 and review of calibra-
tion and signal processing techniques in Section 4. In Section 5, the results of test
measurements and comparison with other sensors are demonstrated. The comparison
and capabilities of our system are then discussed in Section 6 and conclusions drawn
in Section 7.

2. Principles

Absorption spectrum of H,O molecules in near- and mid-IR range (Fig. 1) consists of
several bands. Each band is composed of series of narrow lines corresponding to quan-
tum transitions between rovibronic levels of main electronic state of H,O molecule.
While selecting the most appropriate wavelength to use for H,O detection one ought
to take into account the value of absorption cross-section as well as the state of the art,
i.e., existence and accessibility of necessary components along with the absorption
spectra of other atmospheric constituents, to exclude possible interference.

The highest values of the cross-section in the near- to mid-IR range can be found
in the band around 5.93 um. However, construction of a water vapor sensor based on
these transitions, would be comparatively complicated due to the necessity of using
specialized optical materials and photodetectors as well as expensive quantum cascade
lasers. The next band, located in shorter wavelengths around 2.67 wm, includes the lines



Fast optoelectronic sensor of water concentration 609

107" 4

10—19 4

1 0—20 4

10—21 4

Absorption cross-section [cm?]

an

1 2 3 4 5 6 7 8 910
Wavelength [um]

Fig. 1. Water vapor absorption spectrum in mid-IR for normal atmosphere [7].

of comparable cross-section. While common optic materials and diode lasers might be
applied in this range, suitable fiber solutions (couplers, modulators, etc.) still need to
be improved. From this point of view, the absorption band around 1.36 um seems to be
much more convenient, since diode lasers, photodetectors and fiber optics instruments
are easily available and relatively inexpensive. The highest value of the cross-section
in this band, 5.78 x 107" cm?, is reached for the wavelength 1364.6896 nm (Fig. 2).
Shapes of spectral lines in the atmosphere are mainly determined by collisions of the
absorbing molecules with air particles [8]. In rough approximation, the line profiles are
described by Voigt functions; however are still a matter of investigation [9, 10]. Their
parameters are collected in databases such as HITRAN or ESA [7]. The shapes depend
on air pressure and temperature as well as on H,O concentration (selfbroadening).
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Fig. 2. Water vapor absorption spectrum around 1364 nm in normal atmosphere [7].
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Fig. 3. Shapes of 1364.6896 nm H,O absorption line at various air pressures.

The profiles of 1364.6896 nm line for different conditions are shown in Fig. 3.
The width of the line equals approximately 0.05 nm in standard atmosphere. The line
width decreases with diminishing pressure while the peak cross-section rises. For
a typical range of pressure values in the atmosphere the line width decrease and the
peak cross-section rise are inversely proportional to the drop of air particles concentra-
tion. The influence of atmospheric temperature on the line shape is negligible within
the range 220-320 K and no pressure line-shift is observed. However the load of water
vapor already present in the atmosphere, typically 107 cm™, changes the line profile
by several percent. All the phenomena mentioned here must be taken into account at
final data elaboration.

From the careful analysis of the line shape presented in Fig. 3 one can draw a con-
clusion that optical measurement of water vapor concentration requires using of a single
-mode laser with the wavelength precisely tuned to the line peak. For instance, in order
to achieve precision of measurement better than 3% at the pressure of 380 hPa, a stability
of laser wavelength better than 0.003 nm is necessary. Moreover, exact laser tuning to
water line peak provides the opportunity to avoid the interference of the measurement
result by other components, contained in atmosphere, primarily carbon dioxide.

3. Instrument — sensor construction

The scheme of FIRH prototype sensor is presented in Fig. 4. Single-mode semicon-
ductor laser (Toptica, DL100) serves as a source of monochromatic light with desired
wavelength. The laser beam is conducted with a fiber and split twice with the couplers.
Coupler 1 directs a portion of the beam (about 1% in intensity) into the reference cell
of tuning system.

The cell is filled with air saturated with water vapor and kept in stable temperature
of 50°C. The H,O concentration inside reaches 2.63 x 10'8 cm™ [11]. Periodic vari-
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Fig. 4. Scheme of the setup. Fibers sketched in blue, light beam in red, appropriate cabling in black.

ation of laser wavelength across the absorption line is induced by sinusoidal changes
in laser diode current. The variation is small in comparison with the line width. Its fre-
quency is of about 3 kHz. That provides the amplitude modulation of the beam passing
through the cell which is registered with a photodiode PD1. After demodulation with
a lock-in amplifier, the correction signal, proportional to the slope of the absorption
spectrum, is produced. The signal is added to the laser diode current. Such feedback
loop stabilizes the laser wavelength to the peak of the line with precision of about
3x107* nm.

The main beam leaving the coupler 1 is sent to a modulator, providing the opportunity
of amplitude light modulation. Coupler 2 sends a portion of it (about 10%) to another
photodiode (PD2) which monitors the laser power. The dominant beam is guided from
coupler 2 to measurement masts mounted outside the building. Inside the mast 1 the
beam leaves the fiber through a collimator and is directed into free atmosphere. Inside
the mast 2 the beam is turned back with a Dove prism so it passes twice the distance
between the masts (25 cm). Finally the intensity of the beam is measured with the pho-
todiode PD3. In order to reduce the influence of atmospheric conditions on properties
and alignment of optical elements, the interiors of the masts are isolated from ambient
air and the temperature inside is maintained at a constant level.

The concentration of H,O molecules n is determined according to the Lambert
—Beer law

1 Vepa
- L g2 1
"7 e 2T, M

where o denotes the absorption cross-section, L —the distance between the masts, Vpp,
and Vpps — signals from the photodiodes PD2 and PD3, respectively, while & is the
calibration constant described in Section 4.



612 J.L. NowaK et al.

4. Calibration and signal processing

Signals generated by photodiodes PD2 and PD3 are recorded with a 12 bit digitizer
(TiePie, HSS) and sent to a PC. Two strategies of signal acquisition were proposed:

i) with the modulator deactivated — to record DC signals with high sampling rate
(100 kHz) and apply the averaging to reduce noise and eliminate the influence of wave-
length oscillations used in laser tuning system,

ii ) with the amplitude modulated beam — to use the digitizer as a two channel
lock-in voltmeter and employ self-prepared software for diode signals registration.

Both methods enabled to determine Vppy, and Vpp; values. The latter approach ex-
hibits better noise reduction. Satisfactory performance was achieved for selected mod-
ulation frequency of 2 kHz and final data averaging over 0.01 s.

As follows from Eq. (1), in order to calculate water vapor concentration using the
Lambert—Beer law, one needs to define the ratio of the intensities of the initial and at-
tenuated beam. However, these signals are affected by the parameters which are dif-
ficult to determine, i.e., the photodiode sensitivity as well as the transmission properties
of the couplers and other optical elements. That requires evaluation of the apparatus
constant. Its value was found by measurement of the light attenuation at two different
wavelengths. Namely the peak absorption line 1364.6896 nm was used as the first
wavelength (o; = 5.78 x 1072° cm?) and the minimum of absorption at 1363.2831 nm
(0, = 8.41 x 10723 cm?) as a second one (see Fig. 2). Assuming that the electric signals
are proportional to true light intensities, possibly with different coefficients for the pho-
todiodes, one can use the Lambert—Beer law to write the ratio

(1) (2) (1) (2)
Vepo Veps 1o~ I

O o - oo o - eelnl(o;-0,)] (2)
V. V. 1 I

PD3  /PD2 L 0

where V}(,Q ; 1s the signal of j-th photodiode for i-th wavelength. The cross-section for
the second wavelength o, is almost 3 orders of magnitude smaller then o; and hence neg-
ligible in comparison with it. For this reason, the ratio k = V]%é/ V]S[z,)z can be measured

only once and regarded as the calibration constant which eventually leads to Eq. (1).

5. Test measurements

In order to demonstrate capabilities of the FIRH sensor we performed a series of hu-
midity fluctuations measurements in the atmospheric boundary later at the platform
belonging to Institute of Geophysics, University of Warsaw, located on the roof of the
building in the middle of urban area (Pasteura 7, Warsaw). The new instrument was
installed on a 4 m high stand next to a commercial Campbell Scientific KH20 ultra-
violet absorption hygrometer [12] and Young 8100 V ultrasonic anemometer [13] in
configuration similar to that commonly used for estimation of turbulent fluxes in the
atmospheric boundary layer (see Fig. 5).
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Fig. 5. Instruments arrangement on the stand used for fast
response humidity measurements.

Several short- and long-term test measurements were taken in June and September
2015, including week-long session in variable meteorological conditions of early fall
season. Apart from the optical hygrometers, humidity was monitored by a standard
Vaisala WXT520 weather station [ 14], installed in the distance of about 2 m from the
stand mentioned above. Some of the measurements were also accompanied by an in-
dustrial CMH-10 dew point hygrometer [15], installed in the mid-September inside
a Stevenson screen, roughly in the same distance from the stand.

To enable the comparison between different instruments used, all the readings were
converted into units of water vapor concentration [cm—]. For KH20 the output quantity
given is absolute humidity p which can be converted according to the simple formula

n = P 3)

where N is the Avogadro constant, M, molar mass of water molecule. Humidity sen-
sor in Vaisala weather station and dew point hygrometer provide relative humidity Ry
which can be converted with the following equation:

NA
n = Rye(T) %z “

where e (T') denotes the water vapor saturation pressure, R = 8.314 ] mol™' K is gas
constant, 7 — temperature and N, — Avogadro constant. Vapor pressure in saturation
in Eq. (4) was estimated with the use of the approximation [16]

6810 }

e (T) = 6llexp[53.5———7:—-—5.0910g(T) (5)

In Figure 6 we present an example comparison of the instruments performance for
5 minutes long series recorded on September 15, 2015 in the morning, at 7:25 UTC
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Fig. 6. Test measurement, 5 min long, recorded on Sept. 15, 2015 at 7:25-7:30 UTC (9:25-9:30 local
time). Comparison of 3 instruments, FIRH (red), KH20 (blue), WXT520 (black) — absolute values (a)
and anomaly (with the mean value subtracted) (b).
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Fig. 7. Test measurement, 60 min long, recorded on Sept. 23,2015 at 17:21-18:21 UTC (19:21-20:21 local
time). Comparison of 4 instruments, FIRH (red), KH20 (blue), WXT520 (black), CMH-10 (green) —
absolute values (a), anomaly (b) and anomaly for enlarged time segment marked with cyan (c).
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(9:25 local time). In the course of this measurement the acquisition of unmodulated
signals was applied (i.e. Sec. 4), with the sampling rate of 100 kHz and averaging over
1000 samples, which results in the final recording frequency of 100 Hz.

Another example in Fig. 7 covers 1 hour of measurements taken on September 23,
2015 in the evening, at 17:21-18:21 UTC (19:21-20:21 local time). Here, the com-
parison includes also data from a CMH-10 hygrometer. During this measurement we
used 2 kHz amplitude modulated laser beam and lock-in integration over 20 modula-
tion periods, which results in the final recording frequency of 100 Hz.

6. Results and discussion

In all of the collected data we observed a systematic shift between the KH20 and FIRH
records. The bias was about 20%, with KH20 overestimating water vapor concentra-
tion. This can be attributed to the known property of KH20 — the effect of humidity
on sensor windows. In the instruction the manufacturer writes: The KH20 cannot be used
to measure an absolute concentration of water vapor, because of scaling on the source
tube windows caused by disassociation of atmospheric continuants by the ultra violet
photons (...) The rate of scaling is a function of the atmospheric humidity. In a high
humidity environment, scaling can occur within a few hours. That scaling attenuates
the signal and can cause shifts in the calibration curve. However, the scaling over a typ-
ical flux averaging period is small. Thus, water vapor fluctuation measurements can
still be made with the hygrometer.

In some records (cf. Fig. 7) the bias up to 8% between the other, slow instruments
and FIRH can be observed. The nature of this bias is unclear and has to be tested in
future experiments. However, discrepancies between FIRH and two low frequency re-
sponse sensors (WXT520 and CMH-10) are similar to these between the long response
sensors themselves. Thus, in the current stage of sensor evaluation, we may state that
in terms of the average water vapor concentration FIRH compares to the other sensors
used in this study.

A comparison of high frequency anomalies measured with KH20 and FIRH shows
a very good match of the instruments, independent of the measurement strategy
(Figs. 6b and 7b, 7¢). Both, timing and amplitude of water vapor fluctuations agree.
A small drift of FIRH vs. KH20 can be observed in Fig. 6b, while no drift was observed
in the course of much longer measurements shown in Fig. 7b. In general, some long
-term (several hour) drifts of various signs were observed on long-term records. More
analysis is needed to understand this feature better. One of possible explanations is the
influence of solar lightening, which may affect FIRH signal.

Visual inspection of the records indicates the advantage of FIRH over KH20 in
terms of the signal-to-noise ratio. Conservative estimates indicate that typically the
FIRH signal-to-noise ratio is at least 2.5 times better than that of KH20. A better signal
-to-noise ratio of FIRH is clearly visible in Fig. 8, which compares power spectral den-
sities (PSDs) of water vapor fluctuations. At frequencies below 3 Hz, PSDs of records
from KH20 and FIRH agree to a high level of accuracy. Both signals match —5/3 slope



616 J.L. NowaK et al.

10%

1037
10%°
102
10%8

10%7

Power/Frequency [cm™®Hz™"]

10%

1025

1072 107"
Frequency [Hz]

Fig. 8. Power spectral density comparison for FIRH (red) and KH20 (blue) hygrometers based on data
recorded during 60 min long measurement on September 23, 2015 at 17:21-18:21 UTC (19:21-20:21
local time). Green line denotes the decay with exponent —5/3.

in log-log coordinates, as expected in measurements of passive scalar in a turbulent
atmospheric boundary layer [16]. At 7 Hz the signal from KH20 reaches a noise floor.
Since a documented frequency response rate of KH20 is 100 Hz, the observed white
noise at frequencies above 7 Hz comes from insufficient sensitivity of the sensor to
resolve small-scale humidity fluctuations in the experimental conditions.

On the contrary, FIRH at frequencies above 4 Hz shows a slight negative deflection
from —5/3 slope. It is related to the construction of the sensor, exactly to 25 cm long
distance between the masts, over which the signal is averaged. In the course of the
measurement period, the mean wind speed was ~1 m/s. Adopting a frozen flow hypoth-
esis, indicates that averaging over 25 cm long distance at such wind speed corresponds
to 4 Hz frequency. Spatial averaging is a low-pass filtering and damps the amplitude
of fluctuations of higher frequency. Nevertheless, FIRH is sensitive enough to record
and measure these high-frequency fluctuations. Additional regular narrow spikes at
frequencies above 6 Hz seem to have electronic nature and should be removed in the
future versions of the sensor.

7. Summary

The prototype FIRH infrared hygrometer for atmospheric application was constructed
and tested in the atmospheric boundary layer. The instrument survived a week long
work in realistic atmospheric conditions without a noticeable effect on the performance
of the sensor. Comparison to standard low-response humidity sensors used in meteor-
ological measurements indicate a reasonable agreement between FIRH and these instru-
ments, at least in a sense that the bias between FIRH and the other sensors is comparable
to the bias between the latter themselves. Comparison to a standard, commercially
available fast-response KH20 optical ultraviolet hygrometer designed for atmospheric
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measurements shows a clear advantage of FIRH. The latter has a better signal-to-noise
ratio and allows to measure high-frequency humidity fluctuations in the atmospheric
boundary layer. Relatively long averaging length of FIRH may cause troubles in low
wind speed conditions in the course of ground-based measurements. On the other hand,
if the next versions of FIRH are designed for airborne operation, at 100 m/s airplane
speed the records should be unaffected up to 400 Hz sampling rate. Yet, additional de-
velopments aimed at a slow drift and electric spikes removal are desirable.
Construction and test of FIRH show that optical measurement of H,O content in
atmosphere could provide absolute and sensitive results. As far as the detection limit

of the absorption coefficient of about 10~* cm™ is available with this instrument, it

provides the opportunity to register the H,O concentration less than 2 x 10'> cm™. Fast
progress in optoelectronics resulting in future application of this idea at 2.67 um spec-
tral range would increase this sensitivity about 20 times (Fig. 1). Further development
lies in using ultrasensitive techniques of laser absorption spectroscopy [17].
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