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ental Simulation Facility esi,,4hiii , 'ied at the Forschungszent
ed to investigate the performance of (!`i ¬'erent types of balloon barns ozone sensors

orne humidity sensors to measure the vertical distribution of atmospheric
ozone and water vapor, respectively. Key component of the facility is a temperature and
pressure controlled simulation chamber with a test roam volume of about 500 liter
(8Ox8Ox8O cm) whereby pressure as well as temperature can be dynamically regulated
between 5 and IWO hPa and between 200 and 300 K (-2K/min ~ rate ? +2K/min)
respectively . The volume mixing ratio of ozone can be dynamically regulated between 5
and 10000 ppbv up to a simulation altitude of about 35 kin . The relative humidity in the
chamber can be varied from about 95% down to 2% over a temperature range between
+30"C and -70"C and pressure range between 1000 and 100 hPa, Ozone and humidity

s can be calibrated against accurate reference instruments . A fast response
ference . For the calibration of the water vapor

pospheric humidity conditions,
a Lyman ((x) fluorescence hygro

trolled to nrovide
and

dual beam UV-photometer serves as ozone
sensors a dew point hygrometer is used for

iddle/upper tropospheric can
serves as reference . The entire simulation process is computer
reproducible conditions with respect to pressure, temperature, ozone concentrati
humidity .

Since 1994 the chamber is used for the regular (monthly) calibration of water vapor sensing
devices which are flown aboard 5 civil in-service" aircraft (Airbus-A340) within the

of the European project MOZAIC (Measurement of Ozone and Water Vapor on
Airbus In-Service Aircraft) for automatic monitoring of the water vapor distribut
troposphere . The facility is also established as World Calibration Facility for Ozone Sondes
(WCFOS) as part of the Global Atmosphere Watch (GAW) program of the World
Meteorological Organization (WMO) . In the scope of this frame work several

-comparison experiments, JOSIE (=Rilich Ozone Sands Intercoinparison Experiment),
were conducted to assess the performance of the major types of ozone sander used within
the global network of ozone sounding stations . Furthermore, the facility serves as platform

igate the performance of new developed airborne se
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par and ozone are of crucial importance in both, climate and chemistry of our
I s atmosphere . As most important greenhouse gas water vapor and in a minor sense

ozone play a dominating role in determining climate whereby particularly the radiative
feedback of clouds is of great importance . In addition atmospheric water vapor acts as
engine of atmospheric dynamics . As chemical substances ozone and water vapor are
strongly involved in the chemical oxidation capacity of the atmosphere [Thompson, 1994] .

ry of the atmosphere are strongly linked to each other . Climatic
changes will influence the chemistry and vice versa . Ozone and water vapor play a key role
in the interaction between the chemistry and climate of the atmosphere [Ramanathan et at.,
1987] . Long term changes of ozone and water vapor can have a climatic impact on our
earth system [IPC(' (=Intergovernmental Panel on Climate Change}-report 1994, 1995]

At present there are large deficiencies in the knowledge of the global distribution of ozone
and water vapor on spatial as well as temporal scale, particularly in the upper troposphere
and lower stratosphere . In order to make reliable predictions of the potential slim
change caused by changes of ozone and water vapor there is a strong need for accurate

surements of the spatial and temporal distribution of tropospheric and stratospheric
ozone and water vapor in both hemispheres . Particularly, there is an urgent need for

proved data quality for ozone ["0 Scientyc Assessment of Ozone Depletion 1998,
1999] as well as for water vapor measurements [IPCC-report 1994, 1995] . This can be
achieved by calibration or comparison of the sensing devices with accurate reference

s .

The environmental simulation facility at the Forschungszentrum Jdlich (FZJ) enables
control of pressure, temperature, ozone and water vapor concentration . Under realistic
atmospheric conditions the airborne ozone or water vapor sensing devices can be compared
to accurate reference instruments . A fast response dual beam UV-photometer serves as
ozone reference . For the calibration of the water vapor sensors a dew point is used for
lower/middle tropospheric water vapor conditions, while for middle/upper tropospheric
conditions a Lyman ((x) fluorescence hygrometer serves as

Atmosphere Watch, 19
focusing on ozone sande
1995Y In 1996 a
sonder, JOSIE = JOI

Introducti

Since 1996 the facility is established as World Calibration Facility for Ozone Sondes
ility for quality assurance of ozone sander used in the GAW [Global

program of the WMO (World Meteorological Organization)
ision, accuracy and long term stability [WMO-report No, 104,

0 sponsored international intercomparison experiment of ozone
ch Ozone Intercomparison Experiment, was conducted at the facility,

was to assess the performance of the major types of ozone sondes that are used in
the global network of sounding stations [Smit et al ., 1998-A & -13] .

An important task of the facility since 1994 is the regular (monthly) calibration of water
vapor sensing devices which are flown aboard 5 civil ,in-service" aircraft (Airbus-A340)

ent of Ozone and Water
g tropospheric water vapor,

facility

ropean project MOZ
irbus In-Service Aircraft) for automatic man

y in the middle/upper part of the troposphere .
characterize humidity sensing devices deployed on radiosondes . Further, the facility is a
platform to investigate the performance of new developed airborne sensing devices .



In this technical report the major components of the facility are described in detai
addition, the experimental set up of the ozone sounding simulation in the scope of the

11 as the typical set up for the calibration of the humidity sensing device used
in the MOZAIC program are presented .
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2.1 Set

The envko

s

Pressure control :

i
an electtica
is done with dual

the

Temperature control :

-e and pressure controlled vacuum chamber as environmental
simulation chamber (E

profile A

ofile simulator

tai Simulation Chamber

consists of the following major components :

Fast response dual beam UV-photometer (OPM) as ozone

((BPS} to simulate dynamically atmospheric ozone

Lyman alpha fluorescence hygrometer (LFH) as water vapor reference

S) to simulate quasi static humidity levels

Computer controlled data acquisition system (DAS) for automatic control of the
simulation process .

ronmental simulation chamber shown in Figure I is a temperature controlled
vacuum chamber made from stainless steel with a test room volume of about 500 liter
(8ßx ßx8ß cm) whereby pressure as well as temperature can be dynamically regulated
between 5 and 1000 hPa and between 190 and 300 K (-2K/min ~ rate < +2K/min)
respect

Evacuation of the chamber is done by 2 scroll pumps (Edwards, Type XDSIO)
pumping capacity of 20 m3/hr at pressures between 5 and 1000 hPa. The pressure inside the
simulation chamber is measured with three capacitive manometers : 1-1ßßß hPa, ß-lßß hPa
and 0. 1 -12.5 hPa respectively with an accuracy better than ± 0.5

	

% of indicated
The pressure in the chamber is regulated by the use of a stepper motor controlled exhaust
valve (MKS, type 252) between chamber and vacuum pumps in conjunction wi
secondary air supply . The prescribed pressure versus time profile of the simulation of the
sounding can be set by the computer controlled data acquisition system with a resolution of
about 125 hPa. The actual pressure is recorded with a resolution of about 0.025 % of the
full range of the indicated pressure transducer .

re of the walls (incl . door) of the test room and the temperature of the air
test room are controlled separately. Temperature regulation is achieved by

cooling through expansion of a compressed refrigerant in a heat exchanger and
regulation by electrical resistance heating . Refrigeration is provided by a two stage

ressor with a total cooling power of about 20 KW at 20 "C and
of about 50 KW. Process control of the different temperatures
lator circuits which can be set by the computer controlled data



acquisition system (temperature resolution = ( K at temperature range 185 - 440 K) . The
actual temperatures of the walls (incl . door) and the air inside the test room are monitored
with platinum resistance (PtlOO) thermometers and recorded at a precision of about +/-
O.06 K. Isothermally operated, the temperatures of the air as well as the wall inside the test
room can be regulated and kept constant to within ± 0.2 K.

Figure 1: Environmental Simulation Chamber (ESC) at Research Centre Jülich (ICG-2)

Examples of a pressure and a temperature simulation versus time at a balloon ascent
velocity of 5 m/s and according typical mid-latitudinal conditions [US-Standard
Atmosphere, 1976] are displayed in the Figures 2-A and 2-13 respectively . The actual

of the (inner) walls of the test room tracks the prescribed temperature profile
very well, while the actual temperature of the air inside the test room deviates from the
prescribed profile at pressures below 100 hPa. This deviation is due to the fact that at air

below 50 hPa heat exchange by forced convection is progressively more
ffective such that thermalization of the air within the test room is limited to heat

ge by thermal radiation of the inner walls of the test room. In addition, more
d air temperature measurements made at several locations within the test room have

shown that at pressures below 100 hPa the test room air temperature show spat
inhomogenities of about 1 K at 100 hPa, 2 K 9 50 hPa and 5 K below 25 hPa.



2.3

the
ozone at Ä,=254 nx and

chamber . Since L and 003

r-
1000 200 220 240 260 280 300

Pressure [ hPa ]	Temperature [ K ]

Figure 2: Simulation ofpressure pr(#ile (panel A) and temperature profile of wall and air
M inside the test room of the simulation chamber as afiunction of the simulation

me corresponding to a balloon ascent velocity (V'5 mVs . Prescribed profiles are presented
by broken lines, while actual observed pr(files by solid lines,

eference : Dual Beam UV-Photomete

As ozone reference serves a fast response dual-beam UV-absorption photometer,
developed by Proffitt et al. [ 1983] for the use on stratospheric balloons . The instrument has
reviously flown at several times during BOIC missions in 1983/1984 [Hilsenrath et al .

scheme of the instrument is shown in Figure 3.

The instrument has two identi
from Teflon tubing), each alte
sample mode. A
that one chamber is in null mode while the other chamber is in sample mode or vice versa .
The principle of the instrument of measuring the concentration of ozone in the air sample is
based on the spectroscopic UV-absorption measurement of ozone at 254 nm wavelength in
the sample chamber according Beer-Lambert absorption law :

-absorption chambers (40 cm long and constructed
between reference mode (ozone free by scrubber) and

ternates the scrubbed air between the two chambers, such

where and L, (= zero mode) and I t (=sample mode) are the lamp intensities at the detector
chamber contains the sampled gas with and without removal of the ozone . L is
of the absorption chamber, '903 is the molecular absorption cross section of

the absorption
n quantities, the transmittance R of the absorption

is the average concentration of ozone



from the observed signal frequencies of the photo detector in sample and zero
mode, Fsampl, and F,,r� respectively is determined by

yields C

ual beam feature cancels the effects of lamp intensity fluctuations while the mode
alternation compensates for mechanical changes and also provides continuous
measurements . Details of the data reduction method are described by Proff-tt et al. (1983) .
The instrument is an absolute measuring device with a fast response time of about l second

g volume flow rate of about 8 llmin .

Exhaust

gas flow
light beam

Ozone

[G =40 cm]
Absorption Cells

Narrow-Sand
Filte

Photo diodes

Figure 3: Scherzte of'the dual beam UV-absorption photometer [Proffitt et al ., 1983]

Ozone

to Counters

nlet

ozone UV-Photometer is installed in a separate vacuum vessel which is connected to
imulation chamber such that the UV-photometer is operated at the same pressure

conditions as inside the test room. The air sample intake of the photometer is connected via
a Teflon tube to the manifold of the ozone profile simulator which is located in the center
of the test room.



ozone concentrations are determined by t] - i

	

- _-it noise of the
Figure 4-A shows the fluctuations of the background of

	

ie photometer as a
nude . The results are presented as ozone equivalent and were obtained from

s, in the chamber by feeding the photometer with ozone free air . It is seen
ions of the background of the photometer are rather constant for altitudes

- It is seen from Figure 4-B that the statistical distribution of the
of the photometer is closely following Gaussian st
of 0.005 mPa and a standard deviation of ± 0.025 mPa.

background
background
detectable levels of ozone of the photometer are around 0.025 mPa (-0.6x
molecules/cm 3 of 03) with a virtually zero( < 0.005 mPa of 03 ) background level .
precision of the ozone measurement made by the UV-photometer as reference is estimated
to be better than ± 0.025 mPa of 03 (~0.6x 1010 03 moleculeS/CM3 ) .
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Figure 4: Background ofdual beam ozone UV-photometer as ozone pressure equivalent.
Leji panel A : Background as afunction cry"altitude . Right panel B : Statistical distribution
(histogram) (#'background.

The absolute accuracy of the photometer is primarily determined by the uncertainty of the
absorption path length, the uncertainty of the molecular absorption cross section of ozone
and eventual losses of 03 within the instrument . The path length of 40.2 cm is known to
better than ±0.2% while the molecular absorption cross section of ozone of 1 .147x 10-17
molecules/cm2 [Vigroux 1953] is considered to have an uncertainty smaller than ±1 .5%
[P"t et A, 1983] . Ozone losses inside the instrument can in principle occur on the wall
surfaces . In general relative wall losses of trace constituents in laminar flows varies as p-2/3

where P is the total gas pressure [Levkh, 1962] . Based on laboratory measurements Proffitt
estimated relative losses of ozone within the instrument to be smaller than I % for air
pressures A 25 hPa, 2% at 15 hPa and 4 % at 5 hPa. Therefore, it is obvious that, for air

res corresponding to tropospheric and lower stratospheric conditions up to 25 km
losses within the photometer are negligible small and do not significantly

affect the accuracy of the instrument . The overall accuracy of the ozone



made by the U
altitudes up to 25

In order to simu

purified
zero grade ai

(p = 5 Bar)

-Photometer as r . ." nce is therefore better than ±2% for si
to ±3 .5 % at 3

2.4 Ozone Profile Simulation

quartz glas cuvette ust

vertical ozone profiles dynamically in time as well as to achieve
reproducible ozone concentrations, a separate gas mixing system is installed to provide u
to 4 ozone sensors plus UV-photometer (OPM) with regulated ozone concentrations . Th

of the so called ozone profile simulator (OPS) is presented in Figure 5 .

Figure S:

	

Scheme Y the set up of'the ozone profile simulator (OPS)

Ozone is photolytically generated by UV-irradiation in a zero grade air flow through a
quartz glass (Suprasil) tube using a low pressure Hg-lamp . Via the photodissociation of
oxygen molecules at a wavelength of 185 nm and the additional reaction of oxygen atoms

concentration levels of 0.1-2 % in a
ed at 4 .0 Bar, through the quartz glass cell
atio of ozone between 10 and 10000 ppbv

amically
regulated by mass flow controllers .

ygen molecules ozone is formed at
constant air mass flow of 2a em 3fmin, pies
(volume = 40 em u } . In order to vary the mi
the highly ozone concentrated air flow i
with zero grade air flows . All air

ps, I is mixed with zero grade
air flow
part of the resulting diluted ozone air flow,
dilution stage where it is mixed with two zero grade air flows,

3/M

At a first dilution stage the high concentrate ozone/air flow
OPS,2 (0-2000 cm

3/Min) at 2 .0 Bar total pressure, the excess vented by a valve . A
~' `__'w

) , is led into a second0
OPS,4 (0-2000 cm3/Min)

), at test room pressure conditions . The resulting air flow,
)pS,S ((D()pS,S=(D0pS,3 + 00PS,4 + (DOPS,5 ) , with diluted ozone is fed into the manifold,

located in the test room of the simulation chamber, to supply the ozone sensors plus UV-



photometer with controlled ozone mixing ratios . The relation between the diluted and
undiluted mixing ratio of ozone, xt>3,ops and xo3.Uanij respectively, as a function of the mass
flow rates, Oops,l , OOPS,2 , (1)ops3 , Oops,a and (Dops,5 is given by:

x0 3,ors

R3t .

L.-- "

Figure 6:

	

View inside testroom of environmental simulation chamber with setup to test 4
ozone .sondes . Detailed view of'manifold at outlet of ozone profile simulator (OPS) to
supply 4 ozone sondes plus UV-photometer with controlled ozone concentrations mixed in

ifold shown in Figure 6 consists of a spherical glass vessel with a volume of about
with radially arranged connections to the individual ozone sensors and the UV-

photometer with the inlet of the simulated ozone air flow Oops,s being
manifold . Excess amounts of air are exhausted via an additional tube into the test room
such that the manifold is kept to the test-room pressure conditions in order to prevent the

cis would increase the mass flow
overestimate of the actual ozone

ozone sensors from over-pressure effects . The latter
ozone sensors and thus yield a

concentrations measured by the test ozone-sensors .

The volume flow rate of the simulated ozone air flow Oops,s is kept constant within a range
of 10-12 1/min which is sufficient to provide four ozone sensors (maximum 4 x 250

and the photometer (maximum & llmin) yet limiting the exhaust flow into the test
such avoiding over-pressure in the manifold as well as a large excess of air flow

which would affect the pressure regulation of the eha

,,~~

	

* ly d__'

	

n"U

	

12-41
+ 4)0?Sy5

r .

During the entire simulation the undiluted ozone mixing ratio Xo3,UnDi1 is kept constant by
the conditions for the ozone production such as pressure, UV-light and mass flow



within the quartz tube at constant levels . Just prior to each simulation X03,jT,,j )jj
to typical prescribed surface possum , temperature and ozone coed

On the basis of
temperature plus the
in the undiluted
rates of (DOPS,2, (POPS3 , CDOPSA

and set by computer control .

to 15 20 25 W
W Pressure I MIN I

ribed simulation profiles of ozone
al boundary conditions of a const

)ps ., and a constant sample volume flow rate
calculated according

1 0

0 20 40 60 80 too
Actual Mass Flaw Rate

percent of Max"num sage I

Figure 7:

	

Panel A: Prescribed and actual observed ozone profile simulated at typical mid
latitude conditions according US-Standard Atmosphere (1976) for 40-50°N with a
tropopause height of about 12 km. Panel B: Actual mass flow rates of the ozone profile
simulator (OPS) as .function qfthe simulated attitude .

An example of the simulation of a vertical ozone profile is presented in Figure 7 which
shows a vertical profile of the prescribed ozone partial pressure as calculated
experimental conditions (equation 2-4) as well as the actual profile of ozone as measured
with the UV-photometer . It is seen that the actual simulated ozone profile tracks the
prescribed profile very well, within an agreement of 5-10 %, in the tropospheric as well as

ospheric part of the simulation . The combined operation of the five mass flow
controllers (FC- 1,2,3,4&5) during the simulation of a vertical profile of ozone is illustrated

Figure 7-13 showing the actual mass flow rates, (Dops,i , (DOPS,2 , (DOPS,3 ,

,5 as a function of the actual simulated height . A sensitivity analysis of equation 2-4 in
with the actual mass flow rates, presented in Figure 7-13, have shown that the

d ozone mixing ratio is most sensitive by the settings of the flaw cantralle
-4 & -5 of the second dilution stage . Regarding the limi
mass flow controllers if operated in the lower part of their measuring range
in the stratospheric part where the mass flows are small the simulated
becoming sensitive to small variations of the different flows . Therefore, it is likely that the

s of ozone observed by the photometer in the stratospheric part (see Figure 7-B)
are caused by the small variations of the air flows through FC-3, FC-4 and particularly FC-
5 .

g ratio, pressure and
is of ozone

s,s the mass flow
on 2-4, optimized

FC-3,
of

that
e of ozone is



Figure 8 : Cros
flow channel (
through a

eference Instruments

sonance Fluorescence

PMT

For the water vapor measurements a Lyman-alpha fluorescence hygrometer (LFH) [Kley et
al ., 1978], is installed in the simulation chamber as reference instrument. The principle of
the instrument is based on the absorption measurement of H20 at the Lyman-alpha line of
hydrogen (X=121 .6 nm) in combination with the detection of the OH (X=310 nm)
fluorescence which is produced by photolysis of H20 at the Lyman-alpha radiation . This
combination of detection techniques makes a two beam absorption instrument unnecessary
and allows for measurements of extremely low H20 concentrations .

-tion of` yman-alpha fluorescence hygrometer perpendicular to the
the instrument. The radiation of* the lamp enters the air stream channel
and is partCy reflected by a MgF2 plate to cell B . After traversing the

flow duct the light beam leaves it through a pinhole and reaches cell B . The scattered
radiation inside the flow duct is detected by the photomultiplier looking perpendicular to
the light beam in the duct.

W-011

Figure 8 shows a cross section of the instrument, perpendicular to the flow duct . In a rigid
ground plate an air flow duct is mounted . The radiation from the Lyman-alpha lamp enters
the flow duct through a hole and runs through a second hole to the NO cell A. This
establishes the main absorption path XA of the instrument.
small part of the radiation is reflected by a MgF2 Mate to a second NO cell B . Light path x
is shorter than XA .



by

L, the lamp intensity, [02 ] and [H20] the concentrations of oxygen and water, and
C702 and CFH20 the corresponding absorption cross sections . C is a constant, which accounts
for tl.e different beam geometry, reflectivity of the MgF2 mirror and sensitivity of NO cell

/e to NO cell A .

Fluorescence Mode

tion Mode

s known, the water vapor concentration can be dete

at cell A respectively B in this set-up are then given

1 2

er conditions of very low water vapor concentration ( [H20] ~ 0), the factor C is
obtained from

estimate of C can therefore be taken from the measurements of the lowest water
vapor concentrations measured during an experiment . For a precise deter
the fluorescence measurement has to be taken into account .

e Lyman-alpha radiation dissociates H20 molecules into 0

' "211

H20 + hV

	

=* OH(A"Y~) + H(

a02-102K / "H2W

	

[2-71

One part of the electronically excited ßH gives a fluorescence at 310 nm wavelength, while
the rest is electronically quenched by N2 and 02

OH(A21,)

	

=*

	

OH(X2r,) + hv

	

(X = 310 nm)

fluorescence is observed with a photomultiplier mounted in the flaw duc
right angle to the direct light beam traversing the flow duct on path A .

The measured fluorescence signal S (after subtraction of the background counting rate) is
proportional to the H20 volume mixing ratio PH20 for moderate H20 concentrations . It is

t exactly linearly dependent on PH20, due to Ly((x)-light absorption between lamp and
fluorescence volume. Therefore the relation for S can be written as

[T51

[201

of C also

S - gH2o' I(,' EXP[-(pLH2o'aH20 + 0,,2*G02)'[Air] 'XF1

	

[2-9]

where xi . i s the length of the light path from the lamp to the middle of the fluorescence
volume in the flow duct .



The exponential expression describes the ,pre-absorption" of Ly(a)-light before it
hotodissociates H20 in the fluorescence volume and gives rise to the OH fluorescence at

. Since the layout of the instrument provides that XB --: xr ,the pre-absorption is
proportional to the signal of cell B and relation 2-9 can be written as

viding the measured fluorescence counting rate through the measured IB signal one
has effectively linearized the response of the instrument with respect to "pre-abs
and eliminated any changes due to fluctuations in lamp intensity [Kley et al., 1979] . Thus
the corrected counting rate Sc, of the fluorescence can be expressed as

which is now exactly linen in PH20 . Constant B is the sensitivity of the corrected
fluorescence count rate . An estimated PH20 can be computed by

ate of constant C. Sc,,, is linearly correlated with the estimated volume mixing ratio
PH20 showing normally also an offset . Using this offset and the slope of the linear
regression, the correct C can be computed and B in equation [2-11] can be determined .

i s is done for each temperature level, at which the calibration procedure is executed . The
ation [2-11] of the final linear regression gives a calibration of the

fluorescence count rate for the

The accuracy of the water vapor mixing ratio measurements in the fluorescence
the instrument is .4%, including random and systematic erors with inclusion o
accuracy of the absorption cross sections for water vapor and oxygen at k=121
wavelength [Kley, 1984] .

For hu
condensat

dew point sensor
against dew point scan
and Technology.

Point Hvurometer

heater . The dew
point temperature, is op
and measured with a
point temperate
a high intensity
dew layer forms, diffuse re

c

larger than 0.5g/kg, i .e . lower tropospheric conditions, an optical
dew point hygrometer (General Eastern 1311 DR) is used, allowing

microprocessor-based control, measurement and display . It incorporates a chilled mirror
remems in a dew point range of -75'C to +95'C . It is calibrated
s that are traceable to the U.S . National Institute of Standards

e principle of the detection method is the optical observation of a metallic mirror, which
can be controlled within a wide range of temperatures by Pettier elements and a resistance

building up, when the mirror temperature is falling below the dew
detected and its temperature than held at that temperature

inum resistance thermometer, delivering the dew/frost
al detection of the dew layer is done by monitoring the light of

reflected from the mirror surface, with a photo detector . When the
ction leads to an attenuated signal of the photo detector . The

The air to be monitored is sucked
flow of the of the Lyman-al

H20

inless steel tube (6
) into the dew point hygrometer (



Table 1:

	

Specifications of dew point mirror hygrometer General Eastern D/3

I

ows pump with 2 (l in (STP). The tube is electrically heated with a coaxial
effects of the wall inside the tube .

Dew Point ge

Pressure Range

midity Range

Sample Flow Rate 0.25 to 2.5

Accuracy

scan

Response Time

-7511C to +50 11C

5 to I hPa

Heated Stainless Steel Tube

0 to 85 % Relative Humidity

± 0.2"C

± 0.05'C

1,5'C/sec above O'C

15 __

0 -

1 4

P"nure
Temperature

0 100 200 300 400 500
Simulation Time [min]

450

- 350
2v

-Z50
C"

Figure 9:

	

Set points of air temperature, wall temperature, and relative humidity with
red dew-point temperature (dew point hygrometer) and relative humidity

(Lyman-alpha hygrometer) as function of'simulati



s an impression of the instrument performance in comparison with the
pha hygrometer measurement in the simulation chamber together with pressure

as function of the simulation time . For temperatures bel
a positive offset of the dew point hygrometer in the order of I % RH compared with the
Lyman-alpha . For relative humidifies above 4 % the wading of the dew point by
close to that of the Lyman-alpha for all temperatures . At steep changes of the humidity the
response time of the dew point i
and needs some

2.6

wall temperature of the cha
relative humidity inside the

I The water vapor saturation

+d -

1 5

, where E is in Pa, T in

i is long, increasing with decreasing temperature,
relative humidity levels below 4 % and fast

changes of humidity the dew point hygrometer's accuracy is not sufficient for calibrations,
while at higher humidity levels the relative deviation between dew point hygrometer and
Lyman-alpha hygrometer is systematically below 10 % of the reading, provided fast
humidity changes are excluded,

er can be regulated independently within certain
chamber during a simulation run is de

water vapor pressure with respect to
the air temperature inside the chamber. The design of the humidity simulation is such that
the wall temperature determines the dew (frost) point temperature of the air inside the
chamber . This means that the water vapor partial pressure can be lowered by cooling the
walls to a temperature lower than the air temperature . Differences between air and wall
temperatures up to 25 'C can be reached in the chamber, as long as the air pressure is
above 100 h

The water vapor pressure in the chamber can achieve its maximum value corresponding to
the water vapor saturation possum determined by the temperature of the walls, the coldest
parts inside the chamber . The relative humidity of the chamber air is therefore defined
through

For liquid water the constants are :
a = -6096.9385, b = 21 .2409642, c = 1.71119302, d = 1.673952E-5, and e = 2.433502
For ice the constants are :
a = -6024.5282, b =

Or QTQ we always use the water vapor saturation pressure over a plane surface of liquid
nee relative humidity with respect to liquid water is the usual measure in the

scientific community . E(T) is derived using the Gaff aced Gratch (1946) formulation as
recommended by the World Meteorological Organization [WMO-Report No.8, 1983] and
adapted to the International Temperature Scale 1990 (ITS-90) [Sonntag, 1994] 1 .

[2121

if saturation with respect to the wall temperature, is reached. E is the water vapor saturation
pressure in percent, Twall and TAir the absolute temperatures of the chamber air and the
walls respectively .

ressures with respect to a plane surface of liquid water or ice is respectively :

, d = -1 .3198825E-5, and e = -0.49382577



At a constant air temperature different relative humidifies can be set by regulating the wall
temperature of the chamber . Figure 10 gives an exa
different temperature and humidity levels inside the cha
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s un at

(by Lyman-alpha fluorescence hygrometer),
temperature, wall temperature, and pressure as junction of simulation time during
typical run of the environmental simulation chamber ,for the calibration of humidi
sensors in the MOZAIC project.

Figure 10:

I the actual air and wall temperatures as a function of the simulation time
per panel displays the relative humidity expected from the actual air and

wall temperatures and the actual relative humidity measured with the Lyman-alpha
hygrometer. At an air temperature of -30'C there is good agreement between actual and
expected relative humidity, while at temperatures of -20'C and -40'C the actual humi
is much lower than the expected humidity .

Comparing the actual wall temperature with the actual dew point temperature measured by
the dew point hygrometer, it is obvious that the prescribed humidity is higher than what is

found in chamber air . This water deficiency is most likely caused by
mogenities of temperatures and adsorption on the surfaces of the walls and the fins of

the heat exhanger inside the chamber . This is overcome by the addition of controlled

asurement Qf'



amounts of water vapor to the
necessary addition of water vap

inside the chamber during a simulation
achieved by injection of moistened air into the

a software PID-controller which uses the actual wall temperature asset point and compares with the actual dew point temperature measured by the dew point
hygrometer .

2.7

lower/middle
ion facility

Table 2.

	

Spec
airborne ozone a

Acquisition System

The entire simulation process is automated by computer control to have reproducible
conditions with respect to the simulation process of pressure, temperature, ozone, and

idity versus time a well as with respect to the recording and storage of the large
iety of parameters measured during the simulation process . The computer controlled

simulation facility enables us to investigate the performance of the different-types of ozone
sensing devices under quasi flight conditions in the troposphere and

phere up to 35 km altitude . The technical specifications o
rued in Table 2 .

Test room vo
Separate to
the test roo

Computer controlled
conditions ;

X) 5-1 OW hPa
e control of air and wall temperature : AT < 30
ic :

	

Rate =
* static :

	

Fluctuations

	

<= ß.l-ß.2 K
Ozone :

	

Mixing Ratio 5-1 0000 ppbv (A 1-30 mPa)
Water Vapor :

	

Dew Point Temperature : 190 - 300 K

0

Water Vapor

c.)
d.)
Ozone Reference :

Dual Beam UV-Photometer [Proffitt et A, 19831 :

e Response : I s
ecision : ±0.025mPa,

acy : ± 2 % (0-25 km), ±4% (30-35km)

eference :
Lyman alpha Fluorescence Hygrometer [ Kle

pause : I s
" Precision : ±0 .5 %
"

	

Accuracy : ± 4 %

e = 500 liter (8Ox8Ox8O c

control of wall (inclusive. door) and

si
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lation according to

s of environmental simulationcat
umidity sensing devices .

et al ., I
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The state of knowledge regarding long term trends of tropospheric as well as stratospheric
ozone is limited due to inadequate global coverage of ozone sounding stations, poor
assurance of data continuity and questionable homogeneity of data [WMO-Scientific
Assessment of Ozone Depletion 1998: 1999] . Particularly, there is an urgent need for
improved data quality which must be achieved by intercalibration and intercomparison of

I as agreement through procedures for data processing
. 104, 1995, S"RGIOC-GAW, 1998] . Several previous

omparisons where several different types of ozone sondes were
been conducted [Attmanspacher et al ., 1970, 1981, and Kerr et

al., 1994] . However, many questions with regard to the observed instrumental performance
of the different ozone sondes were left unanswered . A key shortcoming was that in most

ons no ozone reference standard was simultaneously flown .

existing ozone sonde types as
and analysis [WMO-report
series of W

0

tion

Since 1996 the environmental simulation chamber at Forschungszentrum Mich is
established as World Calibration Facility for Ozone Sondes (=WCFOS) of the WMO: a
facility for quality assurance of ozone sondes used in GAW/GLONET focusing on ozone
sonde precision, accuracy and long term stability . The controlled environment plus the fact
that the ozone sonde measurements can be compared to an accurate UV-Photometer as

nce [Proffiat et al., 1983, Smit et al . 1994] allows to conduct experiments that are
designed to address questions which arise from field operation . In 1996 the activities
started with the Rilich Ozone Sonde Intercomparison Experiment (JOSIE- 1996) w
attended by eight ozone sounding laboratories from seven countries and representing the
major types of ozone sondes that are in routine operation in GAW/GLONET [Smit et al.,
1999-B] .

Figure 11 : Scheme of the set up of the ozone sounding simulation experiment

1 8



ozone sensor
world wide used ECC
Komhyr [ 1969], is shown.

2 M
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Figure 12: Electrochemical C

e SOU

small, lightweight and compact balloon home instruments, developed for
measuring the vertical distribution of atmospheric ozone up to an altitude of about 35-40

rochernical method . In Figure 12 the
ical Concentration Cell) ozone sonde, developed by

nciple of ozone measurement is thereby mostly based on the ti
ium iodide (KI) sensing solution according the relax

12

	

+ 02

centration Cell (ECC, after Komhyr, 1969)

of ozone

- Pt "	21-	[cathodereaction]

of generated �free" iodine (12) is measured in electrochemical reaction cell(s) .
Continuous operation is achieved by a small electrically driven gas sampling pump which

bient air through the sensing solution of the electrochemical cell . Transported by
the stirring action of the air bubbles, the iodine makes contact with a platinum cathode and
is reduced back to iodide ions by the uptake of 2 electrons per molecule of iodine,

current proportional to the mass flow rate of ozone through the cell is
generated . In principle, this type of electrochemical ozone sensor is an absolute
device . By knowing the gas volumetric pumping rate and the gas temperature
measured electrical current is convened to the ozone concentration in the sampled



During normal flight operation, ozone sondes are coupled via special interfacing
electronics with radiosondes for data transmission and additional measurement of
meteorological parameters like pressure, temperature (optional humidity and wind) . Total
weight of the flight package is about I kg which can be flown on weather balloons . The
data measured by the sonde is telemetered to the ground station for further data processing .

ental set up for the simulation of the vertical ozone soundings in the chamber
in Figure 11 . Four ozone sondes can be "flown" simultaneously (see Figure 13)

and compared to the UV-photometer. One of the major objectives of the experiments is to
characterize and to determine precision and accuracy of the ECC-ozone sensor as a
function of altitude and ozone level . Particularly the question is addressed in how far the

is affected by procedures like background signal correction and total ozone
ornialization .

Figure 13: Four different ozone sondes installed in the environmental simu
-ior to a simulation of an ozone sounding during JOSIE- 1996

chamber

Different types of vertical profiles of possum, temperature and ozone concentrations can
be simulated . Two examples are shown in Figure 14 . The first type of profile is a typical
mid-latitude profile taken from the US-Standard Atmosphere (1976) for 40-50 "
tropopause height of 12 km. The second type of profile relates to typical tropical conditions
of high convectiw activity, high tropopause at 18 kin and low tropopause temperature
which means extremely low ozone values in the middle and upper troposphere [Kley et al .,
1996] . In addition, different types of ozone step functions or zero ozone can be applied in
order to investigate the response time and background characteristics of the different ozone
sondes .
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Figure 14: Vertical profiles of the simulation of ozone pressure and temperature at mid-
latitude and tropical conditions.

To illustrate the performance of the facility for the simulation of ozone soundings some
results of a typical mid-latitude and tropical simulation run of four simultaneously ,flown"
sondes compared to the UV-photometer, which were obtained during JOSIE i
displayed in the upper and lower diagrams respectively of Figure 15 .
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Figure 15: Examples of simulation runs of ozone soundings obtained during JOSIE in
1996. Comparison offour different ozone sander with the UV-Photometer, Upper
Mid latitude conditions, Lower panel: Tropical conditions . Left graphs: Vertical ozone
profiles obtained by individual sondes (thin lines) and UV-Phottometer (fat line) . Right

hs : Deviations of the individual sander with regard to the readings of the UV-
ometer.
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Figure 16: Examples of time responses of different ozone sondes when ozone was
zero during the during simulation runs of ozone soundings made during

JOSIE in 1996. Comparison of four different ozone sondes (thin lines) with the UV-
Photometer (fat line).

different experiments to simulate ozone soundings brought valuable information about
the performance of the different ozone wade types and the influence of the oper
procedures for preparation and data correction on the data quality of ozone soundings . The
simulation experiments showed also that there is a need to validate ozone sondes on a
routine basis . Ozone sander have gone through some modifications since they were first
manufactured, which adds uncertainty to trend analysis . Routine testing of newly
manufactured ozone sander on a regular basis, following a standard operating procedure
(SOP), will help to ensure more confidence in observed trends in the future . A pre-requisite
thereby is the standardization of the preparation procedures and data correcting methods in
the near future, but also a better and more detailed documentation of the procedures and
methods applied in the past at the different long term ozone sounding stations . Therefore,

o support the assessment of the standardization of preparation procedures of
ozone sander a second international ozone wade intercomparison experiment (JO IF-

be conducted in the course of the year 2000 is planned . Pre-experiments
sponsored by the WMO, prior to JOSIE-2000, have been performed in 1998 and 1999,



Within the MOZAIC 2 project (Measurement of Ozone and Water Vapor by Airbus In
aft) the large scale distribution of tropospheric water vapor is quasi

usly measured on board five AIRBUS A340 aircraft during in-service flights
[Marenco et al., 1998] by use of regularly calibrated humidity sensors (See Figure 17) .

Figure 17: Airbus A340 quipped with MOZAIC-Hur..Vity Device . Inlet system mounted
at the outside skin of the aircraft close to the cone.

Facility for the Calibration of MOZ

duction

OZAIC-Humidity Device (MHD) is a special airborne humidity sensing device
(AD-FS2), developed by Aerodata (Braunschweig, Germany) and based on the humidity
and temperature transmitter HMP230 of Vaisala (Helsinkin, Finnland) . As illustrated in

element itself is a combination of a capacitive relative humidity
kah) and a A 100 temperature sensor which has been installed in a

housing mounted on the outside skin of the aircraft in the vicinity of the nose
humidity and temperature an electronically measured by a transmitter

and fed into the data acquisition system of MOZAIC aboard the A340 aircraft . Before
installation in the aircraft and after about 500 hours of flight operation, each MOZAIC-

idity Device is calibrated in the environmental calibration facility .

24

2 MOZAIC is supported by EU (European Union) and sponsored by four major European airlines (Air France
craft}, Austrian Airlines (I aircraft) . Lufthansa (2 aircraft) and Sabena 0 aircraft)) .
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Figure 19: Scheme of the set up for the calibration of humidity sensing devices in the
environmental simulation chamber

Caused by the high aircraft cruising speed of about Mach 0.8 and the strong speed
reduction in the inlet part of the housing the sampled air is subject to adiabatic
compression . The conversion of kinetic energy of the sampled air leads to a substantial
temperature increase of about 25"C at cruise altitude (10-12 km) such that the relative



humidity measured at the sensing element is much lower than the actual
of the ambient air . This effect necessitates the careful and individual calibration of each
flown MC)ZAIC Humidity Device against a water vapor reference instrument

ironmental simulation facility at Mlich before and after one month of flight operation .
ation run (See Figure

(see Figure 20) .
Up to three MHDs can be calibrated simultaneously during
19) . They are positioned just at the outlet of the air

Figure 20: Three MCIZAIC-Humidity Devices (MHD) installed at the outlet
sampling duct of the Lyman (a) Fluorescence Hygrometer (LFH) in the environment
simulation chamberjust prior to a calibration. run ( see also cross-.section in Figure 8)

A typical calibration run of the chamber is shown in Figure 21 . Calibration is executed at
three air temperatures, -40°C, -30°C, and -20°C, the prevailing temperatures at which the
humidity sensors are operating in the Rosemount housing. The pressure at -40°C and -30°C
is set to 180 hPa and for -20°C changed to 400 hPa. At each temperature three different
humidity levels are set by adjustment of the wall temperature to the corresponding dew
point temperature while optional moistened air is added to compensate for the water
deficiency effect (see section 2 .6) . The relatively slowly varying parts of the humidity steps
are used to calibrate the MHD's with the LFH as reference .
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An example of the results of a calibrati
Figure 22 .
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Fkure 21 : Water vapor calibration run in the environmental simulation chamber
function of simulation time . Shown are RH, measured by Lyman-Alpha fluorescen
hygrometer, pressure, air temperature, and temperature of the chamber walls.

of a MHD at three temperature levels is shown

sensor in the environmental,
-ee different temperatures.



A!l calibrations revealed that the relative humidity of a calibrated sensor
constant temperature can be expressed by a linear relation

28

where RBoC im de uucalibrated output from an individual sensor, and m and b are
coefficients that result from the calibration procedure . Each calibration is executed at three
temperatures, -20'C, -30'C, and -40'C, resulting in three pairs of calibration coefficients a
and Me mean of th* pre- aod pomt-fHg} t3 oohbmdiou coefficients of each flight period are
used t0 evaluate the measurements . The differences between both sets of these calibration
coefficients give the main contribution to the uncertainty of the measurement [Helten et al.,
l990l .

A more detailed evaluation of the calibration and

	

of theperformance

	

MOZAlC humidity
measurements is reported by 6e/k n et uL [ 1998, 19991 .

cal time periods between pre- and post flight calibration nuns are determined by the frequency of the
ft servicing intemal!u and are roughly 50N flight hours apart .
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In a variety of simulation experiments the environmental simulation facility has
demonstrated to be useful as facility for the calibration and comparison of different types of
airborne ozone and humidity sensing devices used in at

In 1996 the environmental simulation chamber was established as World Calibration
Facility for Ozone Sondes (=WCFOS) of the WMO. A first international intercomparison

eight ozone sounding laboratories from seven countries was conducted and
demonstrated reliability and effectiveness of the ozone simulation in the chamber under

i atmospheric conditions . The comparison of bare ozone sondes themselves without
accidental difficulties encountered during intercomparison field campaigns has

mom clearly defined results . In collaboration with WMO in 1998 and 1999 simulation
experiments were performed in preparation to the second international ozone sonde
intercomparison, JOSIE-2000, to be conducted at the facility in the course of 2000,

environmental simulation chamberThe
since 1994 . More than 250 calibration runs of the flown MI-ID's in the
OZAIC program have been performed resulting in clearly defined knowledge about the

mental performance of the MHD and the accuracy of the water vapor measurements
made in MOZAIC. Evaluation of two years of MHD-calibrations have shown that an
accuracy of ±5% relative humidity between ground and 12 km altitude is achieved (Helten
et al ., 1998) . During normal flight operation the accuracy of the MHD has been checked

d through in-flight comparison with reference instrumentation [Hetten et at .,

Further, the facility is a platform to characterize humidity sensors deployed on radiosondes
as well as to investigate the performance of new developed airborne sensing devices .

We acknowledge with gratitude Mike Proffitt and the NOAA Aeronomy Laboratory for
the balloon borne UV-absorption photometer as the ozone reference of the

facility. The development of the facility to simulate ozone soundings was su
icily by the German Minister for Research and Technology (BMFT) under grant no . 07
723. Chamber adoptions to test new types of ozone sondes were funded by the

European Commission (DG-XII-D : Environmental Program) within the scope of the
NOZES-project. The instrumental development and adaptation of the facility to calibrate
water vapor sensing devices in the scope of the MOZAIC I and 11 projects were funded by
the European Commission, DG XII-C: Aeronautics and DG XII-D: Environmental

-ogram, respectively .
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