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ABSTRACT

In 2011, the MOZAIC (Measurement of Ozone by AIRBUS In-Service Aircraft) successor programme IAGOS

(In-service Aircraft for a Global Observing System) started to equip their long-haul passenger aircraft with the

modified capacitive hygrometer Vaisala HUMICAP† of type H. The assurance of the data quality and the

consistency of the data set during the transition from MOZAIC Capacitive Hygrometers to IAGOS Capacitive

Hygrometers were evaluated within the CIRRUS-III and AIRTOSS-ICE field studies. During these per-

formance tests, the capacitive hygrometers were operated aboard a Learjet 35A aircraft together with a closed-

cell Lyman-a fluorescence hygrometer, an open-path tunable diode laser (TDL) system and a closed-cell, direct

TDL absorption hygrometer for water vapour measurement. For MOZAIC-typical operation conditions, the

comparison of relative humidity (RH) data from the capacitive hygrometers and reference instruments yielded

remarkably good agreement with an uncertainty of 5% RH. The temperature dependence of the sensor’s

response time was derived from the cross-correlation of capacitive hygrometer data and smoothed data from

the fast-responding reference instruments. The resulting exponential moving average function could explain the

major part of the observed deviations between the capacitive hygrometers and the reference instruments.
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This paper is part of a Special Issue on MOZAIC-IAGOS in Tellus B celebrating 20 years
of an ongoing air chemistry climate research measurements from airbus commerical aircraft
operated by an international consortium of countries. More papers from this issue can be found

at http://www.tellusb.net

1. Introduction

In the framework of the Global Climate Observing System

(GCOS, 2010) water vapour was identified as one of the core

variables to be monitored for a better understanding, pre-

diction and mitigation of climate change. Particularly, the

interaction between the water vapour in the UTLS (upper

troposphere and lowermost stratosphere) and tropopause

dynamics needs a detailed consideration. This region is char-

acterised by thermal gradients and dynamic barriers con-

trolling atmospheric transport processes. It is most important

for climate change and dynamical processes to under-

stand stratosphere�troposphere exchange (Gettelman et al.,

2011), but hardly observable from space or from ground.

Since global aviation mainly operates in the altitude

band between 9 and 13 km, in-service aircraft equipped

with small, compact and light-weight scientific instruments

for measuring atmospheric trace constituents are a powerful

tool for collecting in situ observation data in the extra-

tropical UTLS.

Since 1994, the European research programmeMOZAIC

(Measurement of Ozone by AIRBUS In-Service Aircraft;
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Marenco et al., 1998) and its successor IAGOS (In-service

Aircraft for a Global Observing System; Petzold et al.,

2015) have provided regular data for relative humidity (RH)

and other meteorological quantities such as temperature

and pressure as well as data on atmospheric composition

(e.g. ozone and CO) with high spatial and temporal resolu-

tion on a global scale. RH data from the MOZAIC pro-

gramme have been used for various climatological studies,

including the distribution of upper tropospheric humidity

(UTH; Kley et al., 2007; Luo et al., 2007, 2008) and the

distribution of RH with respect to ice (e.g. Gierens et al.,

1997, 1999) and ice-supersaturation regions (e.g. Gierens

et al., 2000; Spichtinger et al., 2003) in the upper troposphere.

The reanalysis of the global MOZAIC RH data set for the

period 2000�2009 was recently published (Smit et al., 2014).

Atmospheric RH is measured in the MOZAIC/IAGOS

approach through a compact airborne humidity sensing

device based on capacitive sensors Vaisala HUMICAP† of

type H (MOZAIC/IAGOS Capacitive Hygrometer: MCH

and ICH). The MCH itself, the applied calibration techni-

ques and evaluations are described in detail by Helten

et al. (1998) and Neis et al. (2015), while Smit et al. (2008)

presents an approach for a potential in-flight calibration.

In 2011, IAGOS aircraft were equipped with a modified

Vaisala HUMICAP† of type H sensor. To assure the data

quality and the consistency in the data set during the transition

from MCH to ICH, we evaluated both sensors during the

CIRRUS-III (MCH) and AIRTOSS-ICE (ICH) field study.

2. Description of the modified IAGOS

Capacitive Hygrometer

In the following sections, we describe themodification of the

revised compact airborne IAGOS Capacitive Hygrometer.

A detailed description and evaluation of the MOZAIC

Capacitive Hygrometer is given elsewhere (Helten et al.,

1998, 1999; Smit et al., 2014; Neis et al., 2015). The ICH

uses a capacitive sensor (Vaisala HUMICAP† of type H,

Finland), the capacitance of which depends on the RHof the

dielectric layer of the condenser, and a platinum resistance

sensor (Pt100) for the direct measurement of the temperature

at the humidity sensing surface. The measurement principle

is based on the diffusion-limited adsorption/desorption of

H2O molecules by the dielectric membrane of the sensor.

Since diffusion is strongly temperature dependent, the sen-

sor response slows down at lower temperatures. Figure 1

shows the set-up of the capacitive sensor. The improved

hydroactive thin-film polymer composition, with increased

capacitance from former 40�50 pF to now 180�220 pF,

was introduced in 2011 in the ICH to decrease the sensor

response time by increasing its sensitivity.

3. Experimental section

3.1. Field campaigns CIRRUS-III and

AIRTOSS-ICE

Both field studies CIRRUS-III and AIRTOSS-ICE used the

same twin engine business-jet aircraft of type Learjet 35A

operated by enviscope GmbH as measurement platform.

The overarching goals of CIRRUS-III, coordinated

by the Forschungszentrum Jülich, were to understand the

formation mechanism of cirrus clouds for different back-

ground conditions, their radiative effects and the micro-

physical properties of the cirrus cloud particles. In total, six

flights were conducted between 23 and 29 November 2006

at mid-latitudes (45�708N) and at flight altitudes between 7

and 12 km. These flights in the UTLS were launched from

the Hohn Airforce Base in Northern Germany.

For the sensor intercomparison studies, CIRRUS-III

contributed four flights. The data set consists of 13 flight

hours in air masses colder than �408C at cruise altitude,

four flight hours in cirrus clouds and nine flight hours out

of clouds.

As a main conclusion, Neis et al. (2015) reported a good

agreement of the MCH with the reference time series (see

Section 3.2), with an uncertainty of 5% RH with respect to

liquid water (RHliquid). During sequences with decreasing

sensor temperature, the MCH showed a decreasing sensi-

tivity as a consequence of the increasing response time (see

Section 4.1), that is, small-scale fluctuations across strong

RH gradients could not be resolved.

Fig. 1. The advanced IAGOS Capacitive Hygrometer bases on a

compact capacitive sensor measures relative humidity and differs

from the MOZAIC Capacitive Hygrometer by the thin-film polymer

composition. The improved hydroactive polymer composition of

Vaisala HUMICAP† type H has a larger capacitance to increase

the sensitivity. For signal processing, the Vaisala HMT333 trans-

mitter unit is used. Courtesy of Vaisala Oyj, 2015.
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In 2013, two years after the first aircraft had been

equipped with the modified sensor, the ICH was operated

aboard the Learjet as part of the field study AIRTOSS-ICE

(AIRcraft Towed Sensor Shuttle � Inhomogeneous Cirrus

Experiment) to evaluate the performance of the ICH and to

assure the data quality after the transition fromMCH to ICH.

This field study was coordinated by the Johannes Gutenberg

UniversityMainz and the Leipzig Institute forMeteorology.

The main objectives of AIRTOSS-ICE was to study

spatially inhomogeneous cirrus clouds and to understand

their formation mechanism in different background condi-

tions, their radiative impacts and the microphysical pro-

perties of the cirrus cloud particles. The uniqueness of this

campaign was the opportunity to measure simultaneously

on two height levels with a towed sensor shuttle (Frey et al.,

2009).

This study focused on the main campaign with a total

of seven flights between 29 August and 5 September 2013.

Five of the flights were performed in two military restricted

areas above the Baltic and the North Sea. The last two

flights were heading to Iceland and back without the towed

sensor shuttle. Flight altitudes between 8 and 12 km were

reached. The main campaign flights were launched from

the Schleswig Air Base in Northern Germany.

The data set consists of approximately five flight hours in

air masses colder than �408C at cruise altitude, approxi-

mately one flight hour in cirrus clouds and four flight hours

out of clouds. An overview of data for cruise altitude from

the two field campaigns is provided in Table 1.

3.2. Instrumentation

During the CIRRUS-III andAIRTOSS-ICE field campaigns,

high-precision research-grade instruments were operated

aboard the aircraft to characterise the air masses probed

during flight patterns in frontal cirrus clouds. An important

part of the instrumentation was dedicated to themeasurement

of the gas-phase and condensed-phase water. The CIRRUS-

III instrumentation included an MCH and an open-path

tunable diode laser (TDL) system (open-path Jülich Strato-

spheric TDLExpeRimentOJSTER;MayComm Instruments,

May and Webster, 1993; Krämer et al., 2009) to measure

gas-phase water vapour volume mixing ratio (VMR). Simu-

ltaneously, total water VMR (�gas-phase plus evaporated

ice water) was measured by the well-established, closed-cell

Lyman-a photofragment fluorescence hygrometer FISH

(Fast In-Situ Hygrometer, Zöger et al., 1999; Meyer et al.,

2015), which was equipped with a forward-facing inlet to

sample gas-phase water in clear sky and total water inside

cirrus clouds. The FISH instrument is regularly calibrated

in the laboratory as well as in the field to an MBW DP30

reference frost point hygrometer and thus is regarded as

transfer standard between aircraft measurements and the

ground-based reference. OJSTER is compared to and, if

necessary, adjusted to the FISH measurement as described

by Krämer et al. (2009). To determine whether a data point

is inside a cirrus cloud, the ratio of RHice from FISH (total

water) and OJSTER (water vapour) was used (see Krämer

et al., 2009).

Table 1. Field study data overview for cruise altitude

No. of flights Period Temperature range (8C) H2O VMR (ppmv) RHliquid (% RH)

In/out of

cirrus (min)

CIRRUS-III 4 24�29/11 2006 �63 � �42 16�360 10�78 217/537

AIRTOSS-ICE 7 29/08�05/09 2013 �57 � �40 6�530 1�83 60/193

Table 2. Participating hygrometers during CIRRUS-IIIa and AIRTOSS-ICEb

Instrument

Detection

quantity Measurement technique Response time Uncertainty Reference

MCHa and ICHb RHliquid (% RH) Capacitive sensor LT: 1 s MT: 10 s

UT/LS: 1 min

95% RH Neis et al. (2015)

FISHa,b VMR (ppmv) Lyman-a photo-fragment

fluorescence

1 s 7%90.3 ppmv

(precision 1%)

Meyer et al. (2015)

OJSTERa VMR (ppmv) Open-path TDL 1 s 10�15% May and Webster

(1993)

SEALDH-IIb Molar density Direct TDLAS 0.5 s 4.3%93 ppmv

0.083 ppmv at 1 s

Buchholz et al. (2013)

MCH and ICH: MOZAIC and IAGOS Capacitive Hygrometer; FISH: Fast in situ Stratospheric Hygrometer; OJSTER: Open-path Julich

Stratospheric TDL ExpeRiment; SEALDH-II: Selective Extractive Airborne Laser Diode Hygrometer; LT: lower troposphere; MT: middle

troposphere; UT: upper troposphere; LS: lower stratosphere; for further information see Bange et al. (2013).
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The AIRTOSS-ICE instrumentation was similar to

CIRRUS-III with an ICH and FISH. For gas-phase

water vapour VMR measurements, a novel instrument, the

calibration-free (first principles), direct tunable diode laser

absorption (TDLAS) hygrometer SEALDH-II (Selective

Extractive Airborne Laser Diode Hygrometer, Buchholz

et al., 2013), was used. The SEALDH-II was validated via

a comparison to the metrological water vapour scale and a

primary humidity standard (Buchholz et al., 2014). Again,

the cirrus cloud data points have been determined from the

ratio of RHice from FISH (total water) and SEALDH-II

(water vapour). An instrument overview and the parameters

derived from these measurements are listed in Table 2.

For both field campaigns we finally used reference water

vapour time series, combining FISH data in the cloud-

free sequences and TDL instrument data for the in-cloud

sequences.

3.3. Data overview

For the evaluation of the MCH and ICH performance and

to assure the data quality after the transition, we classified the

probed air masses of both field studies and compared them

to conditions met in the MOZAIC and IAGOS programmes.

An obvious criterion is the sensor temperature, which is

substantially higher of about 358Ccompared to the ambient air

temperature. This heating is caused by adiabatic compression

in the aeronautic inlet housing at typical Mach numbers of

about 0.81M(Helten et al., 1998).Both capacitive hygrometers

are regularly calibrated in the atmospheric simulation chamber

at Jülich (Smit et al., 2000) before installation on the aircraft,

and again after detachment. For both, these calibrations are

made over a sensor temperature range between �40 and

�208C against (1) a Lyman-a photofragment fluorescence

hygrometer (Kley and Stone, 1978) for water vapour VMR

below 1000 ppmv and (2) a dew/frost point hygrometer

(General Eastern, Type D1311R) for water vapour VMR

above 1000 ppmv (Smit et al., 2000).

Another reason for classifying the field study data by

the sensor temperature is the fact that Neis et al. (2015)

have observed an improvement in the agreement with the

reference humidity data with increasing sensor temperature,

that is, with decreasing response time of the hygrometer.

The distributions of measured sensor temperatures dur-

ing 15 yr of MOZAIC measurements and during CIRRUS-

III and AIRTOSS-ICE are shown in Fig. 2 as probability

distribution functions (PDFs). The large data set of 15 yr

of MOZAIC measurements can be described as a Gaussian

distribution with its maximum at �228C broadened with

higher values from the ascent and descent sequences, when

approaching or leaving the airport. Tsensor values colder

than the minimum calibration temperature �408C occur in

less than 1% of the data.

The most probable Tsensor value observed during CIR-

RUS-III is �388C, with 15% of the data colder than �408C.
The distribution is shifted to colder temperatures, that is, to

longer response times relative to the MOZAIC PDF.

AIRTOSS-ICE showed a shift to warmer temperatures

compared to the MOZAIC data. The most probable Tsensor

is at �188C, with less than 1% of the data colder than

�408C. This distribution results in a shorter response time

compared to both other data sets.

Fig. 2. Probability distribution functions (PDF) show the dis-

tributions of the measured sensor temperatures during a) 15 yr of

MOZAIC measurements, b) CIRRUS-III and c) AIRTOSS-ICE.

The red line indicates the lower limit of the sensor calibration. The

grey line illustrates the most probable value of MOZAIC distribution.
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In the following section, we describe the methodology

to determine the temperature-dependent response time.

This property is needed for the comparison of the capa-

citive hygrometer evaluations during two field studies with

different ambient conditions.

4. Methodology of performance evaluation

Former evaluation studies of the MCH showed a good

agreement with high-precision water vapour instruments

(Helten et al., 1998; Neis et al., 2015). However, they also

reported a decreasing sensitivity of the MCH with decreas-

ing sensor temperatures as a result of an increasing but

unspecified sensor response time.

The reduced temperature range of CIRRUS-III data does

not permit a robust analysis for the MCH only. However,

combining the data sets of CIRRUS-III and AIRTOSS-ICE

(see Fig. 2), the complete MOZAIC-relevant temperature

range from �408C to 08C is covered and the determination

of the temperature-dependent response time is possible.

4.1. Temperature-dependent response time

The impact of the temperature-dependent response time

t is illustrated in the extracted time-series sequence of an

AIRTOSS-ICE flight in Fig. 3. With increasing sensor

temperature, the difference of the RHliquid measurements

of ICH and the reference, that is, in clear sky and below

1000 ppmv water vapour VMR the FISH instrument, other-

wise SEALDH-II, decreases.

For different types of Vaisala radiosondes which also use

capacitive Vaisala HUMICAP† RH sensors, Miloshevich

et al. (2004) have determined experimentally in a labora-

tory study the response time of the RH sensors at different

temperatures. They found a strong exponential increase

at decreasing sensor temperatures. Qualitatively, we ex-

pect a similar exponential response time behaviour for the

Vaisala HUMICAP† RH sensor of the MCH and ICH

instrument at low temperatures.

Although the hydroactive thin-film polymer composi-

tion is similar, the design of the Vaisala HUMICAP† RH

sensor used in MCH or ICH are rather different compared

to the sensor deployed on Vaisala radiosondes, such that

significant quantitative differences in their temperature-

dependent time response can be expected. In this study, the

temperature-dependent time response t is derived experi-

mentally from the flight data by the following approach.

For each flight of the two field studies, an exponential

moving average (EMA; Lucas and Saccucci, 1990) with a

fixed t value (1 � 501 s in 2 s steps) is applied to the

reference RH time series, RHt [see eq. (1)]. The used EMA

is defined as a linear transformation of RHt to a smoothed

RH time series (gRHt) according to

gRHt ¼gRHt�1 þ a � ðRHt �gRHt�1Þ; (1)

where a ¼ 2
sþ1

. Subsequently, the flight data is grouped in dis-

tinct sensor temperature intervals.These temperature intervals

Ti of width 5 K are defined as Ti�(Ti�2.5BTi5Ti�2.5),

where T 2 233 : 5 : 273f g K. Then, the cross-correlation

factorR2 is determined between the smoothed referencegRHt

and the responsible MCH or ICH RHt measurement for

every temperature interval.

An example shown in Fig. 4 demonstrates the way to

extract the most probable response time. Upon calculating

all the cross-correlation factors R2 for the measurements

in the temperature interval Ti�243 K for AIRTOSS-ICE

flight 3, the most probable response time t can be determined

Fig. 3. RHliquid and Tsensor (blue dotted line) sequence of an

AIRTOSS-ICE flight. Small-scale fluctuations of the measured

reference RHliquid (black line) can be resolved by the ICH (red line)

in warmer air masses (white background). In colder air masses

with TsensorB�208C, the ICH seems to measure the smoothed

background.

Fig. 4. Example to demonstrate the way to determine the most

probable response time sðR2
maxÞ in the temperature bin T�243 K

for AIRTOSS-ICE flight 3.

ASSESSMENT OF MOZAIC AND IAGOS CAPACITIVE HYGROMETERS 5



by the distinctive maxima in R2. If there is, in addition, a

minimum number of 600 values (equivalent to 10 min

flight) in the temperature bin, this t and T-value data pair is

used for further calculation of the temperature-dependent

time response equation.

In Fig. 5, the determined t values are plotted against

Tsensor for all flights of the two field studies. Because the

advanced ICH confirms and expands the MCH behaviour,

it was possible to merge both field study response times for

the calculation. As described before, the number of t values
per temperature depends on the number of measurement

values (minimum 600 values) and the existence of the dis-

tinctive maxima in the R2 distribution. A robust fit func-

tion yields the temperature-dependent time response equation

s � expð30 � 0:1033 � TsensorÞ; (2)

with Tsensor in units of Kelvin. With decreasing sensor

temperature, t increases from a few seconds at 273 K to

a few minutes below the calibration limit of 233 K. The

increase in the spread of t in some temperature intervals

might be a result of the flight pattern with an increased or

decreased amount of flight level changes.

The validity check for this function is visualised in Fig. 6

for an example flight of AIRTOSS-ICE. The envelope of the

original 1 Hz RHliquid difference, that is, ICH � reference,

increases from 95% to 910% RHliquid with decreasing

Tsensor of �18 to �308C. The ability of the ICH to resolve

small-scale fluctuations in RHliquid reduces with lower tem-

peratures. Later in flight, Tsensor increases significantly,

Fig. 5. Determined response times per temperature bin and

flight for the CIRRUS-III (blue squares) and AIRTOSS-ICE (red

stars) flights. The robust exponential fit (black line) through the

data leads to the MCH and ICH characteristic temperature-

dependent response time t [see eq. (2)].

Fig. 6. From top to bottom: RHliquid measured by the ICH (red) and the measured reference (black), that is, FISH (clear sky) and

SEALDH-II [in-cirrus (blue dots) and above 1000 ppmv]; RHliquid measured by the ICH (red) and the smoothed reference (EMA including

the temperature-dependent response time, black); D RHliquid (ICH and reference) as envelope for the measured reference and as green line

for the smoothed reference, as a function of flight time during the AIRTOSS-ICE flight on 3 September 2013; and sensor temperature

Tsensor (black) as well as the lower temperature limit of the calibration (red).

6 P. NEIS ET AL.



which immediately leads to differences of less than 1%

RHliquid to the reference value.

The EMA smoothing function is defined by the pre-

viously determined temperature-dependent response time

[see eq. (1)]. After applying this function to the reference

RHliquid time series, the ICH time series is reproduced for

almost the complete cold flight sequence without getting

worse in the warmer sequence of the flight. The remaining

deviations might have their origins in calibration uncertain-

ties, as well as in the potential deviations in the response

time for conditions when the RHliquid is either increasing or

decreasing (Wildmann et al., 2014) and uncertainties in the

reference measurement.

5. Results

We extracted a subset of the measured data set,

which corresponds to the regular operation conditions of

the MCH and ICH aboard long-haul passenger aircraft.

Fig. 7. (a) presents comparisons between theRHliquid data fromMCHand themeasured reference, that is, FISH (clear sky) andOJSTER (in-

cirrus), duringCIRRUS-III. (b) shows results of comparisons between ICH and themeasured reference, that is, FISH (clear sky) and SEALDH-

II (in-cirrus and above 1000 ppmv), during AIRTOSS-ICE campaign; the straight line indicates the linear regression line, while the dashed lines

illustrate the sensor uncertainty range 95% RHliquid. In the transition area measurements of both reference instruments can occur.

ASSESSMENT OF MOZAIC AND IAGOS CAPACITIVE HYGROMETERS 7



The MOZAIC/IAGOS typical conditions are characterised

by the sensor temperature Tsensor, which depends on the

cruising speed of the aircraft. As described in Section 3.3, the

cruising speed of in-service aircraft at a Mach number of

0.81 M causes a heating of the ambient temperature through

adiabatic compression in the aeronautic inlet housing and

yields to sensor temperatures, which are usually above the

lower calibration temperature limit of �408C (see Fig. 2a).

However, during CIRRUS-III the operation aboard

the slower-flying Learjet 35A (cruising speed B0.70 M),

Tsensor values significantly lower than �408C were reached

(see Fig. 2). Data for TsensorB�408C were excluded from

further analysis.

To minimise the perturbation of measurements by

potentially sampled liquid water droplets in warm clouds,

the maximum Tambient was set to the level of instantaneous

freezing of �408C. A perturbation of measurements by

potentially sampled ice crystals have not been observed by

Neis et al. (2015). Since the steep ascents and descents of the

Learjet 35A are not comparable to conditions aboard long-

haul passenger aircraft, these flight sequences were also

excluded from further analysis.

A statistically based view on the measured data set is

shown in Fig. 7, where the correlation between the sensors

averaged for 5% RHliquid bins is shown. The MCH agrees

very well with the reference instruments over the entire

Fig. 8. Similar to Fig. 7, but the reference RHliquid data are smoothed prior to the comparisons of (a) CIRRUS-III and (b) AIRTOSS-ICE.

8 P. NEIS ET AL.



range of values measured in the cloud-free atmosphere.

Inside cirrus clouds (see Fig. 7a), that is, RHliquid �

approximately 60%, the sensors deviate as expected since

the increased MCH response time decreases with decreasing

Tsensor. In turn, the sensitivity of the MCH decreases and

small-scale fluctuations cannot be resolved. Linear regres-

sion analysis provides a correlation coefficient of R2�0.99

with an offset of �0.1591.29% RHliquid and a slope of

1.0290.03. Median values and almost all of the 25th and

75th percentiles fall within the 95% RHliquid range of the

linear regression line.

Similar result is found for the intercomparison of ICH

and the measured reference (see Fig. 7b), where the cor-

relation between the sensors averaged for 5% RHliquid bins

confirm the uncertainty of 5%RHliquid. Inside the transition

to inhomogeneous cirrus, that is, RHliquid � ca. 56%, the

variability of ICH values increases mainly as a result of

the increased response time. The measured data provide

a correlation coefficient of R2�0.98 with an offset of

3.9091.00% RHliquid and a slope of 0.8890.03.

After applying the smoothing algorithm based on the

temperature-dependent response time to the reference data,

the correlation between MCH or ICH and the responsible

reference data further increased (see Fig. 8). Since both

correlations reveal an improvement, that is, median values

of each bin converge to the linear regression line with a

clearly reduced variation, the main driver of observed small-

scale deviations between the capacitive hygrometers and the

reference instruments can be attributed to the temperature-

dependent response time t.

This finding can be confirmed by Fig. 9, where the ratios

of the measured ICH and MCH medians to the measured

(left panel) and the smoothed (right panel) reference medians

are plotted for CIRRUS-III (MCH, Fig. 9a) and for

AIRTOSS-ICE (ICH, Fig. 9b), respectively. Both PDFs

show clearly a more narrow distribution around the ratio

1 with the applied temperature-dependent response time

algorithm. The asymmetry in the distribution of Fig. 9a is

caused by the sample of the 25�30% RHliquid bin in the

MCH versus smoothed reference distribution (see Fig. 8).

However, the deviation is still within the 5% RHliquid

uncertainty.

6. Summary and conclusions

Since 1994, long-haul passenger aircraft participating in

the MOZAIC programme were equipped with a capacitive

hygrometer Vaisala HUMICAP† of type H (MCH), mea-

suring upper troposphere humidity. In 2011, the first air-

craft of the successor programme IAGOS were equipped

with the modified Vaisala HUMICAP† type H sensor (ICH).

To assure the data quality and the consistency of the data

set during the transition from MCH to ICH, we have

evaluated both sensors during the CIRRUS-III (MCH) and

AIRTOSS-ICE (ICH) field studies against similar reference

techniques.

To obtain results for sensor uncertainties representative

of its regular deployment aboard passenger aircraft, a sub-

set of data was extracted, which corresponds to the typical

MOZAIC/IAGOS operation conditions. Data with sensor

temperatures below �408C and thus below the calibration

limit were excluded and strong ascent and descent sequences

of the more agile aircraft were removed. Finally, the maxi-

mum ambient temperature was set to �408C to exclude

effects of warm clouds.

The RHliquid data grouped in 5% RHliquid bins agreed

very well in cross-correlations for MCH and ICH and the

respective reference instruments over the entire cloud-free

range and for the most of the cirrus clouds sequences,

yielding the uncertainty of 5% RHliquid.

Main deviations between the capacitive hygrometers

and reference RHliquid data are related to decreasing sensor

temperatures. Combining both field campaigns, it was

Fig. 9. Frequency of occurrence of the ratios of MCH to reference

RHliquid (a) and of ICH to reference RHliquid (b), respectively. Both

figures are divided into the PDF of original (left panel) and

smoothed (right panel) reference data.
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possible to determine the temperature dependence of the

sensor’s response time. MCH and ICH RHliquid data were

reproduced by applying the resulting exponential filter

function to the measured reference RHliquid data. The tem-

perature dependence of the capacitive hygrometer response

time may also be used to extend the measurement range

of the instrument to the dry conditions of the lowermost

stratosphere. Contrary to earlier approaches (Helten et al.,

1998) MCH and ICH data may now be considered valid,

if the flight time of the aircraft in the lowermost strato-

sphere exceeds the sensor response time for the given

temperature.

Furthermore, we showed that the quality of the upper

tropospheric humidity (UTH) data is preserved during

the transition from the MCH to the modified ICH. Both

sensors showed similar behaviour in same conditions,

which ensures a long-time data set for UTLS water vapour

climatology and trend analyses, when combining MOZAIC

and IAGOS UTH data sets.
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Buchholz, B., Böse, N. and Ebert, V. 2014. Absolute validation of

a diode laser hygrometer via intercomparison with the German

national primary water vapor standard. Appl. Phys. B. 116,

883�899. DOI: http://dx.doi.org/10.1007/s00340-014-5775-4
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Helten, M., Smit, H., Sträter, W., Kley, D., Nedelec, P. and co-

authors. 1998. Calibration and performance of automatic com-

pact instrumentation for the measurement of relative humidity

from passenger aircraft. J. Geophys. Res. 103, 25643�25652.
DOI: http://dx.doi.org/10.1029/98JD00536

Kley, D., Smit, H. G. J., Nawrath, S., Luo, Z., Nedelec, P. and

co-authors. 2007. Tropical Atlantic convection as revealed by

ozone and relative humidity measurements. J. Geophys. Res.

112, D23109. DOI: http://dx.doi.org/10.1029/2007JD008599

Kley, D. and Stone, E. 1978. Measurement of water-vapor in the

stratosphere by photo-dissociation with Ly-alpha (1216 A) light.

Rev. Sci. Instrum. 49, 691�697. DOI: http://dx.doi.org/10.1063/

1.1135596
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