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ABSTRACT

During the pre-EUCREX ( European Cloud and Radiation Experiment) intercomparison of airborne instru-
mentation in January 1992, nine hygrometers mounted on three different aircraft were compared. Although
the different instruments are based on completely different principles and the three aircraft have very different
flying characteristics, humidity data from both vertical profiles as well as horizontal flight legs showed good’
agreement. Despite the different aircraft limitations the intercomparison was done with the aircraft in close
formation. In terms of relative differences in mixing ratio, most instruments agreed to within 5% for values
down to about 0.1 g kg~'. For mixing ratios between 0.03 and 0.1 g kg™! most instruments agreed to within
+15%. Systematic differences between the instruments suggest that in joint experiments where data will be
shared, the same algorithms for evaluating and converting humidity parameters should be used whenever possible.

1. Introduction

The demands on hygrometers may be very different,
depending on the atmospheric process one wishes.to
study. The performance of any such instrument can
be characterized by its accuracy, precision, response
time, lag time, and measuring range. The platform used
(ground based, aircraft, rocket, or balloon) for the hy-
grometer may also impose constraints on the instru-
ment, such as that it be small and inexpensive. For the
European Cloud and Radiation Experiment (EU-
CREX), several aircraft and instruments are operated
by research groups from different countries (Raschke
1988; Raschke et al. 1991). For the validation and
interpretation of airborne measurements, intercom-
parisons of instruments are conducted during and be-
tween measuring campaigns.

For these reasons, three aircraft met in January 1992
at Farnborough airfield, United Kingdom, to inter-
compare primarily humidity instruments but also sen-
sors measuring wind, position, radiance, and micro-
physical cloud properties. The sensors were operated
from about 150 m above the sea surface up to 9000 m
over the Celtic Sea and Cornwall peninsula, United
Kingdom. During the intercomparison, the three air-
craft were mostly in close formation with about 10 m
between wingtips. However, during low-level flights in
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the cloudy boundary layer, a greater distance (several
hundred meiers) had to be used for safety reasons. The
synoptic weather situation during the campaign was
characterized by anticyclonic flow and low wind speeds
extending throughout the troposphere over a large part
of Europe. In the sampling area, the only cloud present
during the intercomparison was broken stratocumulus
over the sea, trapped by the subsidence inversion.
However, only out-of-cloud segments were used in the
intercomparison of the hygrometers,

The three aircraft used as platforms for the hy-
grometers were the French twin-engine turboprop
Merlin operated by the Meteorological Aviation
Center, Bretigny, France, the German twin-engine
jet Falcon operated by the German Aerospace Re-
search Establishment (DLR), and the British four-
engine C-130 Hercules operated by the U.K. Mete-
orological Office, Meteorological Research Flight.
The different aircraft and the location of the sensors
are presented in Fig. 1. In this paper we present an
intercomparison of airborne hygrometers for use in
the free troposphere, where we expect temperature
and humidity to be low. The principles used by the
different instruments can be divided into optical
(absorption, emission), thermal (temperature con-
trol) dewpoint temperature, and electrical (capaci-
tance, resistance), where the optical principle may
be regarded as a direct measurement of the water
vapor content in the air. Section 2 provides a brief
description of each instrument used in the intercom-
parison and selected results of their intercomparison.
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Hercules

F1G. 1. The position of the sampling inlets for the hygrometers on the different aircraft.

2. Hygrometers
a. General Eastern (GE) 1011B

This instrument is used by many groups and was
installed on all three aircraft. The GE1011B (General
Eastern Instruments, Watertown, Massachusetts ) is an
automatic cooled-mirror dew-/frost-point sensor. The
mirror surface is cooled by a thermoelectric cooler,
which is servo controlled to maintain a dew deposit
on the mirror. This deposit is then detected by an op-
tical device. Because of the ambiguous temperature re-
sponse when the condensate changes phase from liquid
too solid and vice versa, the instrument cannot differ-
entiate between dew- and frost point during the phase
change. The instrument has a quoted accuracy of
+0.3°C at a temperature of 0°C, with a resolution of
0.1°C. Its time constant varies from about 1 to 2 s at
high absolute humidities to several minutes at tem-
peratures close to its lower limit of around —60°C.
One of the two GE1011B’s mounted on the Merlin
and the GE1011B mounted on the Falcon malfunc-
tioned and were not used in the intercomparison.

b. The cryogenically cooled-mirror hygrometer
(CR-1)

The CR-1 hygrometer is built by Buck Research
(Buck and Clark 1991) and was developed in coop-

eration with the German Aerospace Research Estab-
lishment (DLR). It is based on the same principle as
the GE1011B hygrometer, but uses liquid nitrogen to
cool the mirror instead of a thermoelectric element.
This results in a short response time from a fraction
of a second to several seconds at low frost points. The
operating frost-/dewpoint range is between —90° and
30°C and the readout accuracy is 0.2°C.

¢. Lyman-a hygrometer

The Lyman-a hygrometer measures the absorbed
UV radiation by water vapor and thus gives a direct
measurement of the concentration of water vapor in
the sample cell. Two different Lyman-a hygrometers
were used during this intercomparison.

The hygrometer operated by the Department of Me-
teorology Stockholm University (MISU) is an integral
part of the counterflow virtual impactor (CVI) payload
described by Noone et al. (1988). The Lyman-a
(MISU) is a custom-built dual-beam instrument that
uses a single light source for both a sample and a ref-
erence chamber (Zuber and Witt 1987). The ratio of
the transmitted intensities (Jqmp OVer Ie) is used to
calculate the water vapor content in the sample cell.
This arrangement compensates for any drift or varia-
tion in Jamp intensity. At ground level the dry reference
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air for this instrument was measured to correspond to
a frost point of —80°C as determined by the cryogen-
ically cooled-mirror hygrometer (CR-1).

The instrument operated by DLR is a single chamber
Lyman-a hygrometer L-5, manufactured by Buck Re-
search (Buck 1985; Busen et al. 1991). To compensate
for drift in the light source, the Lyman-a (DLR) is
software adjusted in real time against the CR-1. Thus,
the instrument does not yield a completely independent
measurement.

d. The fluorescence water vapor sensor (FWVS)

This instrument was designed by the Atmospheric
Chemistry group of the U K. Meteorological Office. It
employs the principle described by Kley and Stone
(1978). The instrument records the ratio between the
fluorescence emission from excited OH radicals pro-
duced by the photodissociation of water molecules by
a Lyman-a source and the signal from a long path-
length Lyman-a absorption cell. Provided that the ab-
sorption coeflicient for water vapor at the Lyman-o
wavelength is known, the introduction of small but
otherwise unknown quantities of water vapor into the
sample volume produces a change in signal that can
be used to derive an absolute calibration. This is in-
dependent of any changes in the lamp intensity and
any secondary water vapor standards. The device is
controlled by a microprocessor and a short-path Ly-
man-a absorption cell that is used to provide data at
higher humidities. It has an operational dewpoint range
from about —80° to +30°C.

e. The total water content hygrometer (TWC)-

The total water hygrometer is fully described by
Nicholls et al. (1989). It employs a ceramic matrix
heater element to evaporate any condensed water. The
humidity of the resulting warm, moist air is then mea-
sured by a Lyman-« absorption hygrometer of the type
described by Buck (1985). Because of the inherent drift
associated with this type of hygrometer, it is adjusted
against the GE1011B hygrometer during cloud-free
segments. The absolute accuracy of the instrument is
therefore restricted to that of the GE1011B. The time
response is on the order of milliseconds in clear air. In
this study the TWC hygrometer operates in an identical
fashion to other Lyman-o hygrometers, since the hu-
midity intercomparison was done for cloud-free seg-
ments only.

| The Vaisala Humicap instrument

The Humicap HMP11 (Vaisala, Helsinki, Finland)
is a thin-film capacitor, where the conductivity of the
dielectric medium is changed by the presence of water
molecules. This instrument is known to have long time
constants at high relative humidities, and even more
so at low temperatures.
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g The carbon plate hygrometer

Similar to the Humicap, the carbon plate hygrometer
(Météo-France) uses the variation in the resistance due
to the absorption of water molecules by a film of carbon
(e.g., Semiond 1977). The carbon instrument is similar
to that described by Morrissey and Brousaides ( 1970).
The instrument is known to be sensitive to changes in
temperature and the output signal suffers from hyster-
esis.

3. Comparison flights

Three flights were conducted on 21, 22, and 23 Jan-
uvary 1992. On 22 January, during the performance of
a box pattern at 6000 m, an interesting near-step change
in the humidity was observed. The change in ambient
mixing ratio between 0.05 and 0.2 g kg ' took place
over a distance of about 20-30 km. It is interesting to
note that a corresponding change in the signal was ob-
served by the infrared radiometers facing upward on
the Falcon and the Hercules. The temperature at flight
level was —23°C. For intercomparison purposes, all
data were converted from their original units to mixing
ratios. Time series of water vapor .mixing ratios ob-
served by the different hygrometers between 1320 and
1345 UTC are plotted in Figs. 2a-h.

An inspection of these time series alone yields valu-
able information about the performance of the instru-
ments. With the exception of the carbon plate hygrom-
eter, we see the same general variation of the humidity
in all instruments. The humid region was even resolved
by the Humicap instrument but seriously overesti-
mated by about 0.25 g kg~!. Small-scale features, like
the hump during the first 150 s and the structures at
380 and 460 s after the start of the time series, are also
distinguishable in most instruments. By comparing the
different time series in Figs. 2a~h in terms of humidity
fluctuations, the Lyman-« (DLR) measures what ap-
pear to the most authentic time series without noise
or damped signal. However, the average values are
biased toward those measured by the CR-1 due to the
in-flight calibration of the Lyman-a (DLR ). The signal
from the TWC probe and especially the signal from
the FWVS appear to be noisy. No explanation for this
noise problem of the FWYVS exists. The limitation in
bit resolution seems to be the most serious problem
for the TWC probe. This resolution problem is most
evident during the first 600 s of the TWC-probe time
series, when the signal jumps in discrete steps. The
performance of the TWC probe can easily be improved
by using a 16- instead of 12-bit digitization and/or
decreasing the dynamic range of the instrument. The
signals from the two GE1011B instruments are much
smoother. This damped signal is a result of the time
constant in the dewpoint instruments that filter out
small-scale variations. It is clear that the CR-1 hy-
grometer, which uses the same principle as the
GE1011B but is cryogenically cooled, has a much
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FIG. 2. Time series of mixing ratios measured between 1320 and 1345 UTC 22 January 1992 by (a) the total water content probe, (b)
the fluorescence water vapor sensor, (c) the General Eastern 1011B dewpoint mirror (Hercules), (d) the General Eastern 1011B dewpoint
mirror (Merlin) and the carbon plate hygrometer, (e) the Lyman-a hygrometer (MISU), (f) the Lyman-« hygrometer (DLR), (g) the
cryogenically cooled dewpoint mirror, and (h) the Vaisald Humicap instrument. Note the change of scale for the mixing ratio in Fig. 2h.
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shorter time constant than the electronically cooled
mirrors. However, in comparison to the other instru-
ments the jagged appearance of the signal suggests that
the instrument overshoots and oscillates around the
true value. This overshooting is most evident when
comparing the signals from the CR-1 to the signals
from the Lyman-a (DLR) (cf. Figs. 2f and 2g). The
overshoot of the CR-1 is probably an effect of the sys-
tem that controls the mirror temperature. This problem
has been significantly improved after the intercom-
parison (Busen and Buck 1993). The time series by
the Lyman-« (MISU) does not present as many details
as that for the Lyman-« (DLR ). Low sample flow rate
and long sampling lines resulted in a time lag of more
than a minute (altitude dependent). Long residence
time in the sample lines affected the instruments ability
to resolve small-scale features, due to the internal mix-
ing of the sample air. The instrument was also affected
by electrical interference, which can clearly be seen
during the time periods when the humidity was low
during the first 600 s of the time series.

At the end of the time series in Fig. 2, the mixing
ratio suddenly dropped about 0.14 gkg™' to 0.04
g kg ™!, Assuming that this drop in humidity was a step
change, we can graphically estimate a “worst case” time
constant or e-folding time for the instruments. We have
marked with an arrow in Fig. 2a where we assumed
that the step change took place. The time constants for
the TWC probe, FWVS, Lyman-a (DLR), and CR-1
were all better or much better than 20 s. The time
constants for the Lyman-a (MISU) and the GE1011B
(Hercules) were better than 30 and 35 s, respectively.
The two instruments mounted on the Merlin did not
resolve the feature that we used as the start of the step
change well enough to yield an estimate of the time
constant. A limiting time constant for the Humicap
probe was difficult to assess, but seemed to be several
minutes. '

For the Lyman-a (DLR) and the TWC probe (the
fastest instruments by comparison and relevant for flux
calculations), we calculated power spectra, presented
in Fig. 3, from flight segments conducted on the 23d
at an altitude of 9000 m. We consider the sampling
conditions to be representative for the upper tropo-
sphere. The horizontal wind was about 25 m s™! with
light turbulence. The standard deviation for the vertical
wind velocity on scales less than 5 km was about 0.2
m s~!. The temperature was —40°C and the average
mixing ratio about 0.05 g kg™!. The spectra show ex-
cellent high-frequency response of the Lyman-o
(DLR). The slope for the humidity compares well with
the slope for the vertical wind for frequencies lower
than 20 Hz. The TWC probe reaches its noise level at
about 1 Hz. To a large extent, this noise can be attrib-
uted to the resolution with which the instrument signal
is sampled by the data acquisition system (DAS) of
the Hercules. Calculated water vapor fluxes for the two
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FIG. 3. Power spectra of the mixing ratio for the Lyman-« (DLR)
hygrometer and the TWC probe. The spectra are averages of 20 spectra
from individual segments with mean and trend removed from each
segment.

instruments also compared well within the time reso-
lution of the TWC probe.

To compare absolute mixing ratios we calculated
averages for segments of lengths between 150 and 500 s.
The resulting average values of mixing ratios from 14
time periods are summarized in Table 1. To derive
representative averages, the time periods were chosen
for flight segments where the variation in the mixing
ratio was limited. On the 21st, the Lyman-o (MISU)
and the TWC probe had data-logging problems and
did not yield any results. For mixing ratios above 1
g kg™!, the Lyman-a (MISU) could not be used due
to saturation of its signal. In that state, too much of
the UV light is absorbed by the water vapor in the
sample chamber to yield reliable results. In some flights
the Merlin could not participate because the operating
altitude exceeded the maximum altitude of that aircraft.
A graphical presentation of the values found in Table
1 is given in Fig. 4. The mixing ratios are plotted as a
function of the values measured by the CR-1. The CR-
1 was chosen as a reference because it yielded inde-
pendent results in all time segments. In terms of ab-
solute humidity, the instruments agreed very well, ex-
cept for the capacitance and resistance instruments.
Evidently, the Humicap and the carbon plate instru-
ments deviate from the other instruments as the mixing
ratio decreases. The behavior of the Humicap instru-
ment during the step change above suggests that this
systematic deviation may be caused by a calibration
problem. This could be significant in terms of improv-
ing humidity measurements from some operational
radiosondes. However, the study by Busen (1991) sug-
gests that this sensor behavior is not systematic and
cannot be corrected for. After the intercomparison, the
DLR has exchanged their HMP 11 for the new Vaisala
HMP 25 unit.
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TABLE 1. A summary of the measured average mixing ratios (g kg™') observed during the pre-EUCREX humidity intercomparison. The
boldface indicates erroneous values excluded from the intercomparison, and the notation (na) indicates data not available.

Falcon
C-130 Merlin
Flight
level Temp. Lyman-a Lyman-a« GE GE  Carbon
Date Time (UTC) Seconds (X 10°ft) (°C) CR-1 Humicap DLR MISU 10i11B TWC FWVS 1011B plate
21 January 1992 1403:30-1409:30 360 270 -55 0.031 0.167 0.029 na 0.034 na 0.040 na na
1415:00-1422:00 420 270 -55 0.034 0.164 0.032 na 0.038 na 0.043 na na
1450:20-1455:50 330 200 —-36 0240 0.450 0.236 na 0.250 na 0246 0.273  0.320
1456:00-1502:25 385 200 -36 0267 0.466 0.264 na 0.277 na 0266 0300 0314
1508:40-1516:50 490 200 -35 0276 0476 0.273 na 0.286 na 0262 0310 0310
22 January 1992 1320:00-1325:00 300 200 -23 0050 0.332 0.045 0.048 0.057 0.0567 0.056 0.077 0.220
1326:00-1329:20 200 200 -23 0046 0.315 0.046 0.042 0053 0.049 0050 0.072 0.212
1334:00-1338:00 240 200 —23  0.166 0.445 0.163 0.158 0.172 0.166 0.168 0209 0212
1345:40~1350:45 305 200 -23 0050 0312 0.050 0.042 0.053 0.044 0.051 0070 0.211
1452:00-1454:40 160 32 +1 0812 1.239 0.800 0.810 0.843 0.822 0.027 0.868 0.902
1506:40-1511:30 290 6 +3 3214 3301 3.264 na 3.449 3421 3.141 3456  2.695
23 January 1992 1248:45-1256:25 460 280 —-40 0033 0.177 0.028 0.028 0.036 0.043  0.034 na na
1259:25-1303:50 265 280 —40 0045 0.196 0.042 0.034 0.047 0061 0.078 na na
1303:55-1308:55 300 280 —40 0.069  0.196 0.066 0.058 0072 0.072  0.069 na na

Many of the participating instruments directly mea-
sure dew-/frost point. As an example of the instrument
performance in terms of average frost point. Figure 5
shows the results from four legs on 22 January. The
information in Fig. 5 is essentially the same as in Fig.
4. We see that the instruments agree better for warmer
frost points and that the largest deviation from the
mean is found for the Humicap and carbon plate and
to some extent the GE1011B (AMerlin). The remaining
instruments do not differ by more than about 2° in
frost point.

Although the mixing ratio is a physical measure of
water content in the atmosphere, it is of interest to see
what the relative difference between the instruments is
at different mixing ratios. In want of an absolute ref-
erence method during in situ measurements, this in-
formation may be used as an indication of the uncer-

% Ll
X
= e & -
o & -
';'t; & @ Instrument
o & © g ® Humicap
2 & Ly.-alpha (DLR)
g o4 ’ Ly.-alpha {MISU)
s A GE10118 (Hercules)
= 2 O TWC
- S FWvs
- O GE1011B (Meriin)
.- A Carbon plate
0.1 1

Mixing ratio of CR-1 {g kg'1)

FIG. 4. Graphic presentation of the average values in Table 1. The
measured mixing ratios are plotted as a function of the mixing ratio
measured by the CR-1. The dashed line shows the one-to-one relation.

tainty in the measurements. The relative instrument
deviation from the measurement made by the CR-1 is
plotted in Fig. 6 as a function of the mixing ratio mea-
sured by the CR-1. If all instruments agreed perfectly,
they would all fall on 0% independent of the actual
mixing ratio. For mixing ratios down to around 0.1
g kg ! the instruments agreed within about £5%. Below
0.1 g kg™!, the agreement was within about +15%. For
comparison, a mixing ratio of 0.1 g kg™! is equivalent
to water saturation at about 11-km altitude in the In-
ternational Civil Aeronautical Organization standard
atmosphere. Figure 6 reveals some systematic differ-
ences between the instruments. With decreasing mixing
ratio, the Lyman-a (DLR) and Lyman-a (MISU)

Frost point { 9C)

13:20.00-13:25.00 13:34.00-13:38.00 14:52.00-14:54.40 15:08.40-15:11.30
Time window

FIG. 5. Box~-whisker plot showing the performance of the instru-
ments in terms of frost point. The data are from four time windows
on 22 January. The boxes separate the data into quartiles, while the
whiskers define the outlying 5% of the data values. The numbers in
the figure are the corresponding rms values. The rms values when
excluding the Humicap and carbon plate instruments are shown in
parentheses.
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effect of an under- or overestimation of the ambient mixing ratio by
5 mg kg'. The Vaisala Humicap instrument is of scale.

measure less water vapor in relation to the other in-
struments. In Fig. 6 we see that the Lyman-o (DLR)
always measures mixing ratios less than or equal to
that of the CR-1. Thus, the Lyman-a (DLR) would
probably have measured lower values without the drift
correction to the CR-1. The other instruments tend to
measure higher water vapor contents as the mixing ratio
decreases. In relation to the other instruments, the
GEI1011B (Merlin) and the carbon plate instruments
clearly deviate toward higher values as the mixing ratio
decreases. The Humicap instrument is off scale in
Fig. 6.

To a large extent, the systematic differences in mix-
ing ratios between many of the instruments can be
explained by constant over- or underestimation of the
water vapor content. The two lines in Fig. 6 show how
an over- or underestimation of the mixing ratio by 5
mg kg ™! would spread the measurements. A closer in-
spection of the data shows that the two independent
instruments that agreed best in terms of average values
were the FWVS and the Lyman-a (MISU). The dif-
ference between these two instruments was an offset
of about 9 mg kg™’ (1.5 mg kg ! standard deviation).
This constant difference could be due to an underes-
timation of the water content in the dry reference air
for the Lyman-a (MISU), the equations and algo-
rithms used for the different instruments, or systematic
differences in sensors for measuring quantities (tem-
perature, pressure, and airflow) that enter the equa-
tions,

4. Summary and conclusions

With the exception of the capacitance and resistance
instruments (Vaisala Humicap and carbon plate), we
found good agreement between the participating in-
struments in the measured absolute mixing ratio over
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a wide range of values. In terms of relative humidity,
the deviation between the instruments increased with
decreasing mixing ratio. For mixing ratios down to
around 0.1 g kg ™! the instruments agreed within about
+5%. Below 0.1 g kg ! the instruments agreed within
about £15%. The systematic difference found between
the instruments suggests that the use of different eval-
uation and conversion algorithms, systematic differ-
ences in measured temperature, pressure, and sample
flow rate, etc., become increasingly important with de-
creasing vapor content. It is reccommended that, when
possible, the same conversion formulas and algorithms
be used by the different participants in joint experi-
ments.

The commonly used GE1011B dewpoint mirrors
were able to resolve variations in the humidity on the
10-20-km scale even at temperatures a few degrees be-
low —20°C and absolute values of the mixing ratio
between 0.05 and 0.20 g kg~'. The CR-1 appeared to
accentuate the variations in mixing ratio by overshoot-
ing the true value. Nevertheless, the use of a cryogen-
ically cooled mirror significantly improved the reso-
lution compared to the thermoelectric element used in
the GE1011B. The Lyman-a (DLR) was the instru-
ment best suited for measuring relative changes in water
vapor mixing ratios. At the nominal speed of the re-
search aircraft Falcon, the instrument can resolve fea-
tures on the 10-m scale. Thus, at the moment it is the
only instrument to be used for eddy-correlated water
flux measurements. The other optical instruments
[Lyman-a (MISU), TWC probe, and FWVS] did not
show comparable time resolutions. These instruments
should be able to perform better with an improved
DAS on the Hercules and with a higher sampling flow
rate in the Lyman-« (MISU) hygrometer. It should be
mentioned that the design of the TWC probe was op-
timized for measurements at humidities much higher
than were used in the intercomparison. Thus, the TWC
probe would have performed better using the same
DAS on the Hercules but interfaced differently to the
instrument. The FWVS demonstrated the potential for
rapid time response although this is presently masked
by a higher instrumental noise level than on the Ly-
man-a (DLR), for example.
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