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Abstract. This paper describes a tunable diode laser-based
dual-channel photoacoustic (PA) humidity measuring system
primarily designed for aircraft-based environment research.
It is calibrated for total pressure and water vapor (WV) vol-
ume mixing ratios (VMRS) possible during airborne applica-
tions. WV VMR is calculated by using pressure-dependent
calibration curves and a cubic spline interpolation method.
Coverage of the entire atmospheric humidity concentration
range that might be encountered during airborne measure-
ments is facilitated by applying an automated sensitivity
mode switching algorithm. The calibrated PA system was
validated through laboratory and airborne intercomparisons,
which proved that the repeatability, the estimated accuracy
and the response time of the system are 0.5ppmV or 0.5%
of the actual reading (whichever value is the greater), 5% of
the actual reading within the VMR range of 1-12 000 ppmV
and 2s, respectively. The upper detection limit of the system
is theoretically about 85000 ppmV, limited only by conden-
sation of water vapor on the walls of the 318 K heated PA
cells and inlet lines, and was experimentally verified up to
20000 ppmV. The unique advantage of the presented system
is its applicability for simultaneous water vapor and total wa-
ter volume mixing ratio measurements.

1 Introduction

Volume mixing ratios (VMRSs) of both atmospheric water va-
por (WV) and total water (TW) (i.e., WV plus cloud droplets
and ice crystals) change dynamically in space and time while
they influence various meteorological parameters and, as one
of the most effective absorbers of infrared radiation, they
have a great impact on the global climate (Solomon et al.,
2007). Therefore, it is preferable to measure them continu-
ously and simultaneously with high spatial and temporal res-
olution, and ideally with global coverage. A possible mea-
surement method is to equip research or in-service aircraft
with WV and TW VMR measuring instruments. The idea of
implementing atmospheric humidity measuring instruments
(possibly in combination with other research instruments)
onboard in-service aircraft is gaining increasing attention, as
they can potentially form a global atmospheric monitoring
network. In Europe, the MOZAIC (Measurement of OZone
and water vapour by Alrbus in-service airCraft; Marenco et
al., 1998) project launched 20 years ago was the first step in
this direction. The currently ongoing IAGOS (In-service Air-
craft for a Global Observing System; IAGOS, 2014) project
equips a growing number of in-service aircraft with instru-
ments measuring atmospheric composition, including WV
VMR. Upgrading these instruments to measure TW VMR as
well is expected to be a major step in atmospheric research.
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Within the CARIBIC (Civil Aircraft for the Regular Inves-
tigation of the atmosphere Based on an Instrumented Con-
tainer; Brenninkmeijer et al., 2007) project, which is now a
part of the IAGOS project, a container is in operation with
a large number of measuring instruments, and one of them
is the instrument developed at the University of Szeged that
measures WV and TW VMR simultaneously. That instru-
ment is a predecessor of the system presented here.

Besides conventional requirements like accuracy, selectiv-
ity and reliability, an aircraft-operated atmospheric humidity
measuring instrument has to fulfill various special require-
ments as follows:

— Compliance with rigorous safety regulations any air-
craft equipment has to meet.

— Fast response time because of the high cruising speed of
the aircraft.

— High resistance against mechanical vibrations.
— Fully autonomous and reliable operation.

— Low weight in order to minimize the extra fuel con-
sumption of the aircraft.

— Wide measurement range in order to cover WV- and
TW-VMR values that can occur in the atmosphere dur-
ing typical aircraft flights.

Probably, the last requirement in combination with a fast
response time is the most demanding one, as humidity
varies from 1-2 ppmV (in dry air at about 12 km in height;
CARIBIC, 2014) to 50000 ppmV (in most humid air at the
ground level, typically under tropical conditions). Further-
more, in the low humidity range, the precision of the mea-
surements should be in the sub-ppmV range with high accu-
racy in order to be able to provide high-quality data.

At the University of Szeged during the last several years,
efforts have been made to develop a room temperature diode
laser-based photoacoustic (PA) system called WaSul-Hygro
into a form optimized for simultaneous WV and TW VMR
measurements (Szakall et al., 2006, 2007; Téatrai et al., 2013).
In this paper, the latest version of this system is presented
together with its laboratory calibration, a blind laboratory
test at Research Center Juelich (FZJ), and blind in-flight
comparisons during a measurement campaign where WaSul-
Hygro was operated simultaneously with a wavelength-
scanned cavity ring-down spectrometer (WS-CRDS; Chen et
al., 2010) and a Lyman-« photofragment fluorescence (LPF)
based hygrometer (Chen et al., 2010).

2 Experimental
2.1 The photoacoustic system

The PA effect is the conversion of electromagnetic radia-
tion into acoustic waves (Bell, 1880, 1881). Whenever a
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gas absorbs intensity- or wavelength-modulated light, the ab-
sorbed light energy is converted into acoustic waves via non-
radiative relaxation processes. These acoustic waves can be
considerably amplified by using a properly designed PA cell,
through which the analyzed gas sample flows, and by set-
ting the light source modulation frequency to coincide with
a selected acoustic resonance frequency of the PA cell. The
generated and amplified acoustic wave can be detected by
a sensitive microphone. The amplitude of the acoustic sig-
nal at the frequency of the modulation of the light source
is proportional to the concentration of the light-absorbing
molecules (McDonald et al., 1978). This amplitude is usually
determined by using the lock-in signal processing technique.
In the following, the determined lock-in value is referred to
as the PA signal. In the case of weak absorption (when the
Lambert—Beer law can be approximated by the linear term
of its Taylor series), the PA signal is a linear function of the
absorption coefficient, but when the relative absorbed light
power in the PA cell (described below) is above approxi-
mately 10 %, the sensitivity starts decreasing, which can be
observed as nonlinearity during calibration. The PA measure-
ment technique has been discussed in detail in several pub-
lications (Castleden et al., 1981; Saarela et al., 2009; Schilt
and Thevenaz, 2006; Bozdki et al., 2011).

The layout of WaSul-Hygro, which is placed in a 19 inch
3U height rack and which has a weight of about 15Kkg,
can be seen in Fig. 1. Its custom controlling electronics is
based on a digital signal processor (DSP) and is programmed
for signal generation, data acquisition and operational con-
trol. Its main parts are a diode laser current driver, a pro-
grammable gain dual-channel microphone amplifier, a syn-
chronized sampling-based dual-channel digital lock-in de-
tector, temperature stabilization units, both for the laser and
the detection cells, and analog and digital inputs and outputs
for sensor signal reading and controlling the supplementary
components of the system.

The light source is a room temperature operated, opti-
cal fiber coupled, distributed feedback diode laser (NEL
NLK1E5E1AA). To stabilize and set the emission wave-
length, the laser temperature can be accurately adjusted and
stabilized with the help of a Peltier cell and a thermistor, both
built into the housing of the laser (Seufert et al., 2004), and
by applying a PID (proportional-integral-derivative) control
algorithm. The tuning range of the laser extends from 1391 to
1394 nm, where water vapor has several absorption lines, and
the measurements were performed on the strongest one, i.e.,
at 1392.535 nm, where the maximum optical absorption co-
efficient of 1 ppmV VMR of water vapor is 3.7 x 10> m~1
at 1000 hPa pressure (Sharpe et al., 2004). The laser in the
system is wavelength modulated: periodically on and off
tuned to the peak of the absorption line. Such modulation
is optimal for the detection of molecules having narrow ab-
sorption lines, while it reduces the level of PA signals gen-
erated by interfering broad absorption features of, e.g., large
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Figure 1. Schematic layout of the photoacoustic system. Green, red
and black arrows indicate the electronic communication, laser beam
propagation and gas flow directions, respectively. Blue and orange
lines represent heated gas input and unheated gas output tubes, re-
spectively.

molecules, atmospheric aerosols or pollutants condensing on
the windows of the PA cell.

In order to maximize the sensitivity of the PA system,
which is defined as the PA signal change caused by unit
change in humidity, the amplitude of the laser modulation has
to be optimized for the width of the absorption line (Szakall
et al., 2006), which strongly depends on the total gas pres-
sure (Buldyreva et al., 2011). Taking into account that hu-
midity typically decreases with decreasing air pressure (i.e.,
with increasing altitude), it is reasonable to optimize the laser
modulation at a low pressure (in the current case, at 200 hPa)
in order to have maximum sensitivity at low concentrations.
Furthermore, the sensitivity of WaSul-Hygro decreases with
decreasing pressure due to the acoustic properties of the PA
cell. These two effects make the pressure dependence of the
sensitivity rather complicated (Sect. 3.1.).

As result of the optimization, the laser is driven by a
current waveform: I (1) = Ip+ A-sin(2x - f - 1), where Ip =
110mA and A =5mA. The current tuning coefficient of
the laser is 5pmmA~1; therefore, the offline wavelength
is 1392.485nm, which is at the very side of the absorp-
tion line at 200 hPa pressure. For best sensitivity, the mod-
ulation frequency has to be the same as the resonance fre-
quency of the applied PA cell (more detail in Sect. 2.2.2).
WaSul-Hygro includes two PA cells having the so-called lon-
gitudinal differential cell construction (Miklés et al., 2001)
milled into a stainless steel block with the dimensions
10cm x 10 cm x 4 cm (length by width by height). The cells
are fixed together in a way that they have one common win-
dow through which the output excitation laser light from the
first cell enters directly into the second cell. The cells are
thermally isolated from their surroundings and equipped with
a resistive heater and a PT100 resistance temperature detec-
tor. As sound velocity and, consequently, the acoustic reso-
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nance frequency of the PA cell are proportional to the square
root of the temperature, in order to avoid uncontrolled vari-
ation of the acoustic resonance frequencies, the temperature
of the cells is stabilized to 318 + 0.1 K using a pulse-with-
modulation algorithm. At this temperature, each cell has an
acoustic resonance frequency of 4500 Hz.

The microphone signals are amplified electrically by an
INA163 instrumentation amplifier; the gain of the amplifier
can be programmatically set to either 60 or 600. The ampli-
fied microphone signals from both measuring cells are si-
multaneously and continuously sampled by the analog-to-
digital converters (ADC) of the controlling electronics into
sequences having a duration of about 2's. This temporal res-
olution of the measurements was selected because 2 s is also
the response time of the combination of the PA cells and the
inlet system to sudden humidity variation.

As can be seen in Fig. 1, the gas handling of the PA
system contains temperature-stabilized (heated to 318 + 1 K)
inlet lines, pressure sensors (Druck PMP 1400 series, 0-
1500 hPa absolute) right after the PA cells, and mass flow
controllers (Mykrolis Tylan FC2900, 0-1sLpm (standard
liter per minute)) that set the volume flow rates to 0.4 sLpm.
During airborne operation, gas flow through the cells can be
maintained either by the ram pressure at the sampling inlet
of the aircraft or by a downstream vacuum pump. The for-
mer and latter cases are typically realized by a forward and
sideward (or backward) facing sampling inlet, which can be
used for TW and WV sampling, respectively. Elements of the
gas handling are connected by 6 mm outer diameter stainless
steel tubes and Swagelok connectors.

The measured PA signals, the pressures within the PA
cells, and supplementary measurement information (like
temperature values and self-checking results) are transferred
to a data-logging PC connected to the electronics via a serial
port. Software written in the LabVIEW graphical program-
ming language (National Instruments) running on a PC cal-
culates humidity values in real time from the measured data
by using the calibration parameters (Sects. 2.2.4., 2.3., and
3.1).

2.2 Special features of the photoacoustic system

Compared to its earlier versions, the presented system has
several novel features, which were developed in order to im-
prove the reliability of its operation.

2.2.1 Dual-channel operation

The dual-channel construction of the system can be used ei-
ther to increase the signal-to-noise ratio of a single stream
measurement by averaging the VMR readings of the two
channels, or to measure humidity simultaneously in two dif-
ferent gas streams. In the latter case, the system can be used
for simultaneous VW and TW (after evaporation in the tubes)
VMR measurement whenever a proper inlet system is used,
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like in the CARIBIC project (Brenninkmeijer et al., 2007),
or for the validation and comparison of different sampling
systems. As most of the setup (controlling electronics, laser)
is common to the two cells, small differences between the
VMR values in the sampling lines are expected to be more
accurately measurable with the presented system rather than
by using separate systems for each sampling line, since occa-
sional laser control malfunctions or systematic errors would
affect the two channels identically.

2.2.2  Sensitivity mode switching

Proportionality between the PA signal and the measured wa-
ter vapor concentration holds over at least 5 orders of mag-
nitudes, but the measurement range of the controlling elec-
tronics in its actual configuration cannot cover the entire
range of interest, because the amplified microphone signal
at high concentrations overloads the input of the ADC. To
increase the measurement range of the electronics, a sen-
sitivity mode (SM) switching algorithm is implemented in
the DSP software, which automatically switches the micro-
phone gain from 600 to 60 (or vice versa from 60 to 600)
whenever the PA signal becomes higher (or lower) than a
certain limit. Hysteresis between the switching limits is in-
troduced in order to avoid frequent switching generated by
small-scale signal fluctuations. The change in the SM makes
it possible to extend the upper limit of the measurement range
to 30000 ppmV. Above this concentration, the AD converter
saturates again; therefore, the PA signal has to be decreased
further. This can be achieved by detuning the laser modula-
tion frequency from the resonance frequency of the cell. This
extends the measurement range by at least 1 order of magni-
tude, but above about, 85000 ppmV water vapor starts con-
densing in the PA cell or in the sampling line, although due
to occasional colder points can reduce this upper limit. How-
ever, such high WV VMR s really unlikely to occur during
airborne measurements. Actually, the highest humidity level
measured during the tests described in Sects. 2.4 and 2.5 was
below 30000 ppmV, so the off-resonant modulation was not
applied.

At SM1 and SM2, the laser is modulated at the reso-
nance frequency of the PA cell to achieve optimal perfor-
mance, while at SM3, the modulation frequency is increased
to 7950 Hz, where the sensitivity of the cell decreases by 1
order of magnitude.

To provide the functions listed above, the SM points are
defined as follows: the sensitivity is lowered whenever the PA
signal is greater than 66 % of the saturation value of the AD
converter, and still can be lowered while increased whenever
the PA signal is lower than 10 % of the saturation value of the
AD converter, and still can be increased. An example can be
found later on in Fig. 3.
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2.2.3 Laser wavelength stabilization

The lower the pressure is, the narrower the water vapor ab-
sorption lines are, and consequently the wavelength stability
of the laser becomes an increasingly critical issue. The wave-
length of a properly temperature-stabilized laser can vary
spontaneously due to the so-called ageing effects (Woodward
et al., 1993); therefore, a wavelength locking method (WLM;
Tétrai et al., 2013; Bozoki et al., 2013) with which the laser
wavelength can be measured and set with at least 25 fm ac-
curacy with 1s execution time is applied. This wavelength
uncertainty can cause less than 0.1% error in the measured
VMR values at any pressure. As the laser ageing effect be-
comes significant only on a rather long timescale, it is suf-
ficient to perform the WLM only once during each flight,
preferably after the Wasul-Hygro system is switched on and
the aircraft is before take-off.

2.2.4 Real-time VMR calculation

The input parameters for the VMR calculation for both cells
are the PA signals, the pressures in the cells, the actual
SMs, and the calibration curves (Sects. 2.3 and 3.1), which
form the calibration surface in the PA signal-pressure-VMR
space. To calculate VMR, a two-step approach is used: first,
VMRs are calculated from the PA signals for all 10 calibra-
tion pressures, and then, from the resulting data set, the actual
VMR is determined by interpolation to the actual pressure
using a cubic spline algorithm. The execution time of this
method is on the order of milliseconds by using a general
purpose PC or notebook giving the possibility of real-time
VMR calculation.

2.3 Calibration of the PA system

In order to have a simple but reliable tool for the calibration
through a wide concentration range and at various pressures,
a setup shown in Fig. 2, including a home-made humidity
generator (HG) and a reduced pressure stabilizer, was assem-
bled around WaSul-Hygro. Its automatic operation is ensured
by including a stepper motor-controlled needle valve, which
together with the MFCs inside WaSul-Hygro and with a
downstream pump reduces and stabilizes the pressure within
the PA cells with +1 hPa accuracy. The pressure setting time
is 2-4 s. The central part of the HG is a saturator with a spiral
of 95cm in length milled into a 12cm x 12.cm x 6 cm cop-
per block hermetically sealed from its surrounding. Thanks
to an overpressure reduction tube, which is long enough to
avoid back-diffusion of water vapor from ambient air and in-
stalled to eliminate the non-synchronizability of the MFC-s
just before the saturator, the HG is operated close to atmo-
spheric pressure.

At the beginning of the calibration, liquid nitrogen is
poured into the HG, which cools down the saturator to around
120-140K, and then the saturator slowly (during approxi-
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overpressure
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synthetic [ MFC humidity 4% Wasul-Hygro 1 vacuum
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Figure 2. The schematic layout of the calibration system. MFC
stands for mass flow controller and M is the stepper motor-
controlled needle valve (see text for details).

mately 1.5 days) warms up to room temperature. Inside the
saturator there is always ice or liquid water on the walls serv-
ing as a source of water vapor during warm-up, so the VMR
will always correspond to the saturation pressure of water va-
por at the temperature of the saturator. By measuring the tem-
perature of the saturator with a PT100 resistance temperature
detector and the gas pressure inside with a pressure sensor
(Druck PMP 1400 series 0-1500 hPa absolute), the generated
WV VMR can be calculated by using the Goff-Gratch equa-
tion (Goff and Gratch, 1946; WMO, 1983). This HG was
calibrated against a chilled mirror hygrometer at the Hun-
garian National Office of Measures in the 1-25000 ppmV
range. During this calibration, an offset of 1.2 K was found
between the measured temperature of the saturator and the
actual dewi/frost point. After correcting this offset, the re-
peatability of water vapor generation at any temperature was
found to be +0.5% of the actual VMR or +0.3 ppmV (the
higher value applies).

The slow warm-up of the saturator makes it possible to
vary the gas pressure repeatedly between 80, 130, 150, 200,
280, 370, 500, 650, 800 and 970 hPa, and also to repeat the
PA measurements with the two different SMs. In this way,
during a single warm-up of the HG, 20 different calibrations
can be completed for each PA cell: each curve consists of five
data points every 5 min.

2.4 Verification of the calibration

The PA system was blind tested at Research Center Jilich
(Germany) at the Environmental Simulation Facility (ESF;
Smit et al., 2000) chamber. The chamber has a test volume
of about 500 L (80cm x 80cm x 80cm), whereby relative
humidity can be varied from about 95 down to 2% over a
temperature range between 300 and 200K and a pressure
range between 1000 and 100 hPa. Two reference instruments
are connected to the chamber, an LPF hygrometer (Kley and
Stone, 1978; Helten et al., 1998), which has an accuracy of
+3% in the VMR range of 1-1000 ppmV, and a dew-/frost-
point hygrometer (General Eastern, Type D1311R), which
has a +0.5 K uncertainty in the saturation temperature above
1000 ppmV.

During the measurements that were performed in the 2—
12000 ppmV VMR range at different pressures, the input
lines for the two PA cells were joined by a tee connector. The
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air from the chamber was sampled through a 1.5m length
1/8 inch heated stainless steel tube. Its inlet was placed as
close as possible to the inlets of the reference instruments.

As the three instruments have different temporal resolu-
tions, the results were interpolated to the time resolution of
the PA system using the cubic spline method. From the re-
sulting data sets, the relative deviation values, slopes of the
cross plots, and the Pearson correlation values were deter-
mined.

2.5 Airborne tests

WaSul-Hygro was tested in a four-flight campaign dedicated
to compare various systems measuring WV VMR within the
DENCHAR (Development and Evaluation of Novel Com-
pact Hygrometer for Airborne Research) project, which is
part of the European Community’s Seventh Framework Pro-
gram EUFAR (European Facility for Airborne Research)
funded project. The platform was a Learjet35A (Bombardier)
research airplane operated by GFD GmbH (Hohn, Germany).
Each flight was performed in the northern European air-
field: above northern Germany, northern Poland, Denmark,
southern Norway and the North Sea. Data were collected
at different flight levels up to 13 km, so WaSul-Hygro was
tested under tropospheric and lower stratospheric conditions
as well. The PA system was compared to the FISH (Z&ger et
al., 1999) (Fast In-situ Stratospheric Hygrometer) instrument
(measurement frequency of 1 Hz, a noise equivalent mixing
ratio of 0.2-0.15 ppmV at 3ppmV and a lower/upper detec-
tion limit of 0.18-0.13 / 1500 ppmV) during 3.6 h and with
a commercially available PICARRO G2401-m WS-CRDS
system (Picarro Inc., Santa Clara, CA, USA; Crosson, 2008).
During the campaign, before and after each flight, FISH
was calibrated against a chilled mirror hygrometer (MBW
DP30) with the help of a saturation—dilution-based humidity
generator. The WS-CRDS system simultaneously measures
CO3, CHy4, CO and H20, and it is specifically designed for
flight operation; it was operated at 186.6 hPa (140 Torr). Its
measurement time is about 2.55s, and by lowering its sam-
ple flow rate down to 0.1sLpm, it was able to measure at
altitude level up to 12.5km without using a sample pump
upstream of the sample cell. The instrument itself is not
a factory-calibrated one, but another WS-CRDS instrument
was calibrated against a chilled mirror hygrometer (Dewmet,
Michell instruments Ltd., UK) at the Max Planck Institute
for Biogeochemistry, (Jena, Germany), and the calibration
constants were transferred to all subsequently manufactured
CRDS instruments by Picarro Inc. (Crosson, 2008). An accu-
racy better than 10 ppmV for mixing ratios less than 100 ppm
and better than 200 ppmV above 10 000 ppmV was estimated
from the chilled mirror hygrometer specifications (accuracy
0.2°C dew point at 20°C dew point, linearly increasing to
0.4°C dew point at —60°C dew point) assuming typical
dew-point/pressure combinations. Precision was estimated to
be 4 ppm or 1% (whichever is larger). During the campaign,
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Figure 3. Calibration results at the pressure of 200 hPa. Arrows rep-
resent the SM switching points.

it was compared against the calibration standard used to cal-
ibrate FISH, revealing an offset of 14.5 ppmV that was sub-
tracted from the CRDS flight data.

Unfortunately, for logistic reasons, the three instruments
took their samples from three different inlets. During the
campaign, the PA cells were configured to sample water va-
por simultaneously from a single backward-facing aircraft
inlet to measure WV VMR. The PA system was connected
to the sampler by a heated stainless steel tube having an
outer diameter of 1/8 inch and a length of 1.5m. FISH was
connected to a forward-facing inlet through a 0.5m long,
10 mm inner diameter heated stainless steel tube to mea-
sure TW VMR, while the WS-CRDS system was connected
to a forward-facing de-iced Rosemount total air temperature
housing (model 102BX) through a FEP tube of 1 m in length
and 1.58 mm inner diameter to measure WV VMR. For the
Wasul-Hygro, the flow was provided by a downstream pump
(MD1, Vacuubrand), while the WS-CRDS and FISH systems
used the ram pressure provided by the samplers together with
a downstream sampling pump.

For various reasons, large portions of the measured data
are not suitable for intercomparison purposes, as follows.
The central data-logging computer crashed repeatedly, caus-
ing data losses of 5 to 10 min periods. Considerable devi-
ations between the readings of the three systems were ob-
served during periods whenever the measured VMR varied
rapidly, most probably due to the different response times of
the sampling lines. WS-CRDS values below 50 ppmV had to
be neglected, as their reliability is under discussion. The per-
formance of FISH was acceptable only during the last two
flights, due to a small internal leak that was discovered and
fixed only after the second flight. During the campaign, FISH
measured cloud-free data in the range 350 to 600 ppmV only
for 4 min, and not at all above 600 ppmV. This amount of data
above 350 ppmV is not enough for statistic conclusions, so
these were neglected from the comparison. During the occa-
sional presence of clouds, the FISH data had to be neglected,
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Figure 4. Dependence of the sensitivity of the PA system as the
function of pressure at various VMRSs. The sensitivities correspond-
ing to 5000, 10000 and 15000 ppmV were measured at SM2 and
up-scaled with a factor of 10 for better comparability, while the
other curves were measured at SM1.

as their TW VMR data differed from the WV VMR reading
of the other two instruments.

The comparable parts of the measured data were evaluated
as done in the case of the ESF chamber comparison.

3 Results and discussion
3.1 Calibration

The calibration curves for the two WaSul-Hygro channels at
one of the calibration pressures (200 hPa) together with the
programmed SM switching points can be seen in Fig. 3. This
curve was measured individually without periodically step-
ping the pressure for better visualization, but it overlaps the
one used to program the calibration surface within the noise
level. The measured sensitivities and noise levels (1) be-
low 10 ppmV for the two measuring cells at 200 hPa pres-
sure with 600-fold amplification of the microphone signal are
120nV ppmV—1 and 54nV and 118nV ppmV—1 and 59nV,
respectively. At higher VMRs, similar sensitivities but higher
noise levels (typically 0.5% of the actual VMR reading)
were found. Calibration curves at other pressures yield simi-
lar sensitivities and noise levels. From these results, it follows
that the repeatability of the WV VMR measurements for ei-
ther cell is 0.5 ppm or 0.5 % of the actual reading (whichever
is greater). In Fig. 4, the sensitivity of the PA system as a
function of pressure at different VMRs is shown. The de-
pendencies are very similar for the two cells, but at higher
VMRs, the sensitivity of the second PA cell is definitely
lower due to the light attenuation in the first cell. Previously
during the calibration procedure, only one calibration curve
at a defined pressure was determined per PA cell, and the
pressure-dependent sensitivity was determined at a certain
VMR per PA cell (Szakall et al., 2006). From Fig. 4, it can
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Table 1. Results from comparisons of WaSul-Hygro with other instruments during laboratory and flight tests. In the case of the comparison
with the WS-CRDS system above 4000 ppmV, there were no comparable numbers of data available, so the upper limits of the 2 and 5%

coincidences are certainly higher.

Relative difference ranges from

reference instruments (ppmV)

Pearson

Within
noise level

Reference

instrument 2%

correlation
coefficient

Slope of cross-

5% plot line

ESF chamber
WS-CRDS
FISH

<150 200-750
<300 1500-4000
<20 NA

15-12000 0.99948
100-4000 0.99986
NA 0.9965

1.015
1.047
0.86

be clearly seen that the use of this simplifying assumption
would lead to highly inaccurate VMR determination.

As calibration curves are not completely linear, partially
due to the nonlinear behavior causing sensitivity decreases
at higher concentrations, they have to be approximated with
high (up to 10) order polynomials for both channels, for both
SMs, at each pressure. These polynomials form the calibra-
tion surface, as mentioned before (Sect. 2.2.4.).

The VMR calculation method applied during laboratory
tests showed traceability to the humidity generator within
less than 0.5% + 0.5 ppmV at any VMR-s and at any pres-
sures for both PA cells.

3.2 Laboratory intercomparison

During the laboratory measurements at the ESF chamber, the
VMR values measured by the two channels of the PA sys-
tem coincided within the noise level or within 0.5%. These
results are practically identical to the observed ones during
laboratory calibration. One representative result of the lab-
oratory intercomparison at FZJ is shown in Fig. 5a, where
two SM switching points are also indicated. In Fig. 5b, the
comparison cross plot between WaSul-Hygro and the refer-
ence instrument can be seen. The lower parts of Fig. 5a and
b are the measured relative deviations as functions of time or
VMR, respectively, with the horizontal line indicating £5 %
limits.

Values measured in the fast cooling and drying periods
when the ESF chamber is far from its steady state and values
in the case of fast VMR change when the chamber was not
in its quasi steady state were omitted from the comparison.
An example of these posterior omitted data in the range of 5—-
7000 ppmV can be seen in the deviation plot (Fig. 5b), where
the loopy behavior indicates that the sampling line of the PA
system could not follow the fast VMR variation in the cham-
ber as fast as the reference instruments inside. It is important
to note that the relative deviation in the presented case is still
below 10 %. During the quasi steady-state parts of the mea-
surements, the relative deviation (the difference between the
VMR reading of WaSul-Hygro and the reference instrument
divided by the WaSul-Hygro reading) is less than 5%, or is
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Figure 5. A representative measurement at the ESF chamber
(5 May 2011). (a) is the time series of the measurements; (b) is
the corresponding cross plot, where the pressure is coded by color
and the green shaded area indicates the omitted loopy part.

noise level in the 15-12 000 ppmV range. Other parameters
of comparison can be found in the first line of Table 1.

3.3 Airborne tests

During the flight tests, the noise level of the PA system and
the deviation between the two sampling lines were almost the
same as during laboratory intercomparison.

The comparisons of WaSul-Hygro with FISH and WS-
CRDS instruments can be seen in Figs. 6 and 7, respectively,
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Figure 6. A representative comparison of WaSul-Hygro and FISH
(DENCHAR flight, 31 May 2011). (a) is the time series of the mea-
surements, where the blue shaded areas indicate when the two sys-
tems were measuring the same values within the noise level; (b) is
the corresponding cross plot, where the pressure is coded by color.

in a similar way as, previously, the results of the compari-
son at the ESF chamber, but in the case of the comparison
with FISH, 25 % limits are shown. An SM switching point
and a period when the measurement results of the two instru-
ments deviate considerably (most probably due to differences
in the sampling lines) are marked in Fig. 7a. The comparison
results can be found in detail in Table 1.

The slope of the cross plot between FISH and Wasul-
Hygro deviates by about 20 % from the slope of the cross plot
between Wasul-Hygro and the WS-CRDS system, which is
close to the ideal of 1. The facts that the cross plot in Fig. 6b
is close to linear and that the corresponding Pearson corre-
lation coefficient is still high indicate that the deviation of
FISH is most probably due not to a random effect or instru-
ment malfunction such as noise. Furthermore, the deviation
cannot be related to occasional occurrence of cloud droplets
or ice crystals in the gas stream sampled by the TW inlet of
FISH, because these events were carefully eliminated from
the intercomparison. Therefore, it is rather a phenomenon
that indicates that the WV VMR was indeed systematically
different for the other sampling inlets, and definitely requires
further studies.
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Figure 7. A representative comparison flight measurement of
WaSul-Hygro and the WS-CRDS system (DENCHAR flight,
26 May 2011). (a) is the time series of the measurements; (b) is
the corresponding cross plot, where the pressure is coded by color.
The relative deviation below ~ 30 ppmV is higher than 15 %, and is
not indicated in plot (b).

3.4 Overall performance and outlook

Besides the performance parameters discussed above in de-
tail, it is important to note that non-validated and therefore
not presented tests show that the precision and accuracy val-
ues 18 months after the calibration did not vary significantly.
These results still have to be verified and validated through
more rigorous blind tests.

The actual size and weight of the system is acceptable on
research aircraft, but in order to be mounted on an in-service
one as a standard, these values still have to be improved. That
is why a new controlling electronics is currently being devel-
oped, which, besides the significant size reduction, will be
capable of real-time VMR calculation without the need for
an external PC.
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