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Abstract. A commercially available dry chemiluminescence et al., 2008; \bmel and Diaz, 2010). The largest advantage
(CI) instrument for fast and precise measurement of ozonef Cl techniques is their fast response time in the range of
(O3) is specified. The sensitivity is-9000 countss! per 1 to 20Hz. One distinguishes between gas-phase ClI, wet,
ppbv of ozone. Its precision is entirely determined by theand dry Cl techniques.

number of photons reaching the detector (being a photomul- Gas-phase Cl instruments are more complex and are based
tiplier), i.e. is quantum-noise limited. The relative precision on the reaction of ozone with either ethene or nitrogen oxide
(AO3/O3in %) thus follows Poisson statistics and scales with (Ridley et al., 1992; Hegglin et al., 2006; Williams et al.,
the square root of the measurement frequefieyd with the  2006; Bariteau et al., 2010).

inverse @ mixing ratio: AOg/Og o¢ £°°- 05 °°. At typical In wet Cl instruments, first described by Ray et al. (1986)
Oz mixing ratios between 10 and 100 ppbv (and 1 bar), theang formely sold by Unisearch Associates Inc. (Ontario,
precision is 0.3-1.0 % gt = 10 Hz. The maximum measure- canada), organic dyes such as eosin are solved in a liquid
ment frequency is 50 Hz. The mechanical and electronic setyp, the surface of which chemiluminescence reaction of O
up as well as the instrument performance is described. ReGgith the dye generates photons that are sensed by a pho-
ommendations on the adequate inlet tube configuration (ir"efomultiplier. Major advantages are their small signal drift

tube length, sampling flow) and on the way of calibration at (compared to dry CI techngiues) and absence of water vapour
stationary ground-based platforms and onboard aircraft arg qgs-sensitivities (Takayanagi et al., 2003).

given. Dry CI techniques are quite simple and also use organic

dyes (such as luminol, rhodamine-B, eosin-Y, or coumarin
adsorbed on solid surfaces/discs) whose reactions with ozone
1 Introduction yields to the emission of photons (usually in the visible wave-
length range) that are detected with a photomultiplier. The

Ozone (Q) is both chemically and radiatively one of the firstinstrumentwas described by Regener (1960). For an ex-
most important trace gases in the atmosphere. It is the majo¢ellent review, especially of the early work in the 1960s to
precursor of the hydroxyl radical (OH), the principal deter- 1980s (see Weinheimer, 2006; Muller et al., 2010, and refer-
gent in the atmosphere (Levy, 1971), and it forms the stratoences therein).
spheric ozone layer shielding the Earth’s surface from harm- Important to note is the fact that dry Cl techniques are not
ful UV sunlight (WMO, 2007). Tropospheric ozone is also absolute, i.e. they need frequent calibration in periods of 1 to
a potent natural and anthropogenic greenhouse gas (IPC®0 min, depending on the scientific requirements, the sensor
2007). Ozone thus belongs to the most frequently measuredisc that is used, and ambient conditions (e.g. water mixing
atmospheric trace gases. ratio). See Sect. 6 for more discussion.

There are various types of in-situ ozone instruments in To our knowledge, four types of dry Cl ozone instruments
use which are based on electro- chemical, spectroscopic antthve been used during the lasRO years: (1) a commer-
chemiluminescence (CI) techniques (Weinheimer, 2006; Licial, battery-powered instrument (Drummond et al., 1991)

Published by Copernicus Publications on behalf of the European Geosciences Union.



364 A. Zahn et al.: A fast and precise chemiluminescence ozone detector for eddy flux and airborne application

PTFE reaction cell ]
== :13_/
sensor disc \ f
P —
RO | ~— =

sample air channel

quick-release knob

distance: 4mm i
detail view

compartment a
« CPM

e HV supply

112 mm

general view display
compartment b
(rear side)
» electronic
board

! 100 mm !

not true to scale

Fig. 1. Mechanical setup. The right sketch indicates the entiy@&irument integrated into a standard 3 HU, half t&k mount insert (top

plate and back board removed). The front plate is equipped with inlet/outlet fittings, power and data interface socket (RS232, USB), fuse,
display, three push buttons, and the flap behind which the quick-release knob (sensor disc holder) is located. The left exposition details the
two compartments where the photomultiplier and the electronics are housed. The sample air channel and the arrangement around the sens:
disc are displayed at the top. On request, the instrument is delivered within a splash guard cabinet.

uses eosin-Y as dye (Ray et al., 1986). (2) A device man-high robustness and reliability, simple installation and main-
ufactured by the company GFAS is based on the instrutenance). The instrument development actually took advan-
ment described by Schurath et al. (1991) and Guesten dghge of the long development history of the Cl technique at
al. (1992). It uses Coumarin-47 as dye and was sold untibur institute (Qisten et al., 1992) and the extensive experi-
the year~2000. Modified GFAS devices were also deployed ences collected on board the CARIBIC aircraft since 1997.
onboard light-weight aircraft (McKendry et al., 1998) and In this paper we document the mechanical and electrical
onboard the high-flying research aircraft Egrett (Bradshaw etet-up and the performance of this new ozone instrument. It
al., 2002). Moreover, two clones of the GFAS sensor are inis however not the objective to describe the properties of CI
use, i.e. the Rapid Ozone Flux Instrument (ROFI) describedsensors discs, which is e.g. documented by Sahand (1989),
in Coyle (2005) and Muller et al. (2010), and the 10 Hz- Speusser (1989), and Schurath et al. (1991).
analyzer built by Jim Womack at NOAA-ATDD (Kurpius et
al., 2002). (3) FOZAN I and Il uses Coumarin-307 and was
developed for the deployment on board the high-flying Rus-2 Mechanical setup
sian aircraft Geophysica (Yushkov et al., 1999; Ulanovsky et
al., 2001). (4) A miniaturized version of the GFAS sonde that The CARIBIC device is optimized for the use on board air-
is regularly deployed on board the CARIBIC passenger air-craft, i.e. is very light-weight and compact. In constructing a
craft (Zahn et al., 2002; Brenninkmeijer et al., 2007) which commercial device, however, also functional as well as de-
finally resulted in the commercially available instrument de- sign specifications had to be met. The mechanical setup
scribed here. of the original CARIBIC device has thus been optimized
Indeed, fast measurement of ozone is a subject within diin terms of robustness and facile handling by the company
verse research fields such as in atmospheric chemistry annviscope.
bio-chemistry. To our knowledge, however, a fast off-the- Figure 1 shows a schematic of the instrument. Sample air
shelf instrument is commercially not available at present.  enters the device via a PFA inlet fitting and reaches after a
This situation comprises the background for the co-~30cm (black and opaque) I/ TFE tube the sensor disc
operation between KIT and enviscope GmbH, aiming for where Cl reactions with ozone emit light (photons). The en-
optimizing the available CARIBIC sonde in terms of per- trance window of the photomultiplier detecting the photons
formance (high precision and response time) and usabilityemitted by the sensor disc is placed directly opposite of it, in
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Fig. 2. Function blocks of the electronics. Compartment a houses the photomultiplier and the high voltage supply, and compartment b the
control unit and data acquisition system, see Fig. 1.

a distance of 4 mm. All parts within the sample air channel As outlined in Sect. 2 and further specified in Fig. 2, main
are made of chemically inert materials such as PTFE, PFAelectric parts are housed in two aluminum compartments:
and PEEK. To ensure complete light tightness, the entire o o

system was capsulated by an aluminum housing. To avoid & the photomultiplier together with its high voltage sup-
corona effects at the photomultiplier, a 1 cm tall copper hull ply. We choose a small channel photomultiplier (CPM)

connected to the cathode high voltage was placed around the ~ ©f PerkinElmer (type C944), as it shows thermionic
photomultiplier window. noise only, in contrast to usual PM where also dynode

In standard field configuration, sample air is driven noise and leakage current significantly contribute to the

through the instrument by a high-efficient fan (Micronel total noise.
D340Q) at the air outlet. If connecting longer sampling
tubes, the fan can easily be removed to connect an external
pump in order to maintain short response times@bD0 ms
(see Sects. 4.5 and 6.2).

The sensor disc (diameter: 10 mm) is fixed on top of
a small cylindrical holder. To prevent temperature-driven
changes of the sensitivity of the sensor disc of typically 2%
per Kelvin (Schurath et al., 1991), the sensor disc holder isThe CPM is supplied by a high-voltage of typically 1700V
temperature stabilized to6-38°C by an integrated temper- which generates a current amplification 6f4.5x 10°
ature controller. The sensor disc holder can easily be re{see CPM datasheet). This amplification leads to rel-
moved by inserting a quick-release knob and turning it byevant CPM currentsicpym of ~1nA per ppbv of @
90°. This mechanism allows exchange of the sensor disq1 ppbv=10"°molmol1), see Sect. 5. The CPM and the
within a few seconds and makes it possible to maintain the inhigh voltage supply are controlled by the microcontroller via
strument even under awkward operational conditions, e.g. om 16-bit DAC.
high towers. To avoid damage of the photomultiplier, its In a following high-accuracy low-noise transimpedance
high-voltage supply is automatically switched off while ex- amplifier (frontend module) the CPM currefgpy is am-
changing the sensor disc. Pressure tightness is guarantegtified with a total amplification resistance of XM The
by O-ring seals allowing the deployment of the instrumentresulting voltageU; ug is digitized by a low noise 24-
onboard aircraft, too. bit delta-sigma analog-to-digital converter (ADC, ADS1256
from Burr-Brown, Texas Instruments) and multiplied with
selectable programmable gain amplification (PGA). A max-
imum input voltageUz mg of 5V corresponds to 23-bit
(8 388608 counts). The ADC integrates over a measurement

The electronics responsible for instrument control, i.e. pa- . o .
rameter settings, data acquisition and data pre-treatment WacélcIe of .20 ms .and Passes this 23-bit mforma’glon (at 50 Hz)
Ia a serial-peripheral-interface (SPI) to the microcontroller.

developed at the Institute for data processing and electronic . . .
(IPE) at the Karlsruhe Institute of Technology (KIT). he 1o noise (at 50 Hz) is 6 counts or 4 UV, respectively.

b. The main circuit board encompassing power supply,
frontend electronics, analog-to-digital converter (ADC),
digital-to-analog converter (DAC), and microcontroller.
Considerable effort was undertaken to keep these com-
ponents on the one hand as compact as possible and on
the other hand extremely precise and EMI-safe.

3 Electronics and operation
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The entire system is controlled using a microcontroller T T T T T T T T T T
from NXP (LPC2138, Philips) which is a 16/32-bit controller 1000 4 a +*

equipped with a CPU of Arm (ARM7TDMI-S). This mi- £ 3 3
crocontroller includes various 32-bit timers, dual 10-bit 8- 3 ] 5
channel ADCs, a 10-bit digital-to-analog converter (DAC), ; ool o ]
pulse-wide-modulation (PWM) channels and 47 general pur- &
pose input/output (GPIO) lines. A 128-bit wide inter- = .
face/accelerator enables high-speed 60 MHz operation. = 1 °
There are two possibilities to communicate with the mi- % 10? ° E
crocontroller and to set the system parameters: (a) viaa se- £ .
rial RS232 (COM) interface (via a simple ASCII protocol),
and (b) via three push buttons and an organic LED-display 1 e p =1000 hPa
located at the instrument front plate. The following system 1.0 77— T T 0, =42 ppby
parameters can be adjusted: 0.9+ b s
— High-voltage for the channel photomultipli&epym (be- = g‘f_- 1
tween 0 and 3000 V) s
g 0.6 R .
— Measurement frequency (1, 10, 20, 50 Hz) 'g 059 o N
. 0.4 .
— Programmable amplification (PGA) of the ADC (1, 2, °© 03] ]
4,8, 16, 32, and 64) gz h
— Adjustment of the RS-232 dataset (e.g. to send also the 0.1 7]
measured CPM high-voltage and the actual temperature U e s S R A A L D

of the electronics).

The set measurement frequency defines the number of 20 ms

1300 1400 1500 1600 1700 1800 1900 2000
photomultiplier voltage (Volts)

measurements used to calculate the mean value and its stapig. 3. Absolute signa(a) and relative 15 noise(b) in dependence
dard deviation, e.g. gt = 10 Hz five 20 ms measurements are on the photomultiplier voltage at ang@nixing ratio of 45 ppbv and
considered. The time, signal mean value, its standard devia measurement frequency of 10 Hz.

ation, and (depending on the set protocol) further parame-
ters are sent with the set measurement frequency via RS-232

(baud rate 38400). These data are also and automaticall) 1| methanol and is thereafter 1:1 mixed with a silicon-
stored onto a USB stick, if inserted in the USB port at the IMPregnation agent. After pipetting this emulsion on silica

front plate.

gel discs and drying for 1.5 h at 8C, a further hydrophobic

Besides setting parameters the LED-display depicts thdlUid is added to reduce the humidity dependence.

measured voltagd/s v (multiplied with the set PGA

The sample air used for all tests described here was pro-

value). After entering the actual ozone mixing ratio, the mi- duced by an @generator SYCOS KT-O3M (Ansyco, Ger-
crocontroller calculates the actual sensor sensitivity and thé"@ny) which provides @mixing ratios of up to 800 ppbv in
display also illustrates the ozone mixing ratio (simply by ap- dry @r.

plying the just measured sensor sensitivity). The analog out-
put range is specified as 0-5V.

4.1 Precision as function of photomultiplier

amplification

The channel photomultiplier (CPM) does not work in a sin-
gle photon counting mode, but in continuous mode where the

In this chapter we describe the instrument properties, in parCPM output current is measured with an analog-digital con-

ticular the measurement noise or precision, respectively, irverter (ADC) as DC voltage. The CPM output current scales

dependence on diverse parameters such as photomultiplig¥ith the high-voltage (HV) applied to the CPM, i.e. with

voltage, @ mixing ratio, measurement frequency, and sam-the HV dependent current amplification given in the CPM

ple air flow. datasheet. First, we determine the optimal operating range of
As detector discs-10 years old discs manufactured by the the CPM.

company GFAS are used. To our knowledge, the exact prepa- In Fig. 3, the absolute signal and the relativer hoise

ration is not documented, but is assumed to have been carrie®f the instrument are shown at a typical ambiegtr@ixing

out as documented by Sahand (1989) and Speuser (1989atio of 45ppbv and a measurement frequency of 10Hz in

That is, 5g Coumarin-47 and 16 g gallic acid is dissolveddependence of the high-voltage HV applied to the CPM.

4 Instrument characterization

Atmos. Meas. Tech., 5, 363375, 2012 www.atmos-meas-tech.net/5/363/2012/



A. Zahn et al.: A fast and precise chemiluminescence ozone detector for eddy flux and airborne application 367

The signal increases from3000 counts (1.81 mV) at HV 1.05 - r T T 5
=1360V to ~1500000counts (904mV) at HV=1900V,
i.e. by a factor of~500. Interestingly, the relative noise (here 155

the standard deviation of the 10 Hz measurements over 30 s
i.e. 300 data points) remains constant at (G:3505) %.
This observation elucidates the following instrument
properties:

0.95

0.90

normalized intensity

— The electrical noise of the entire electronics (front-end
module, amplifier, ADC) is very low and does even not
play a significant role at very small signals around 1 mV.

0.85

(1anoy Jad o) abueyo Ajaigisuas

-30
T T T T T T
00:00 00:20 00:40 01:00 01:20 01:40

— The instrument noise is thus entirely determined by the o0 —
detector unit, i.e. by the sum of photon noise or quan-
tum noise, respectively, and CPM noise. In Sect. 5, the

quantum noise is calculated and compared with the obFig. 4. Normalized signal (left y-axis) along a period of 100 min.

time (hours)

served 1ls noise. Light grey: normalized raw data recorded at 50Hz. Dark grey:
data averaged over 1s. White straight line: exponential fit of the
4.2 Precision as function of measurement frequency normalized data. Black dashed line: derivative of the exponential

fit which gives the signal change in percent per hour (right y-axis).
Next, the instrument noise is analyzed in dependence on the
measurement frequency (which can be set using the three

push bottoms at the front plate, see Sect. 3). . the ozone generator is dry (relative humiditg %) and
The measurement speed of the sonde depends (i) on the  the water-repellence of the sensor disc high (see sensor
integration time of the electronics and the data transfer disc preparation, Sect. 4), the fresh (pre-ozonized) sen-

rate of the serial interface which is both 50Hz at maxi- sor disc needs time to equilibrate with the humidity of
mum and (i) on the exchange rate of sample air present  the sample air.

between sensor disc and channel photomultiplier (CPM).

This air exchange rate is the ratio of the volumé/ be- 2. The sensitivity dependence on the @ixing ratio of
tween sensor disc and CPM and the sample air fjow the sample air. Fresh sensor discs are quite insensi-
i.e.t=V/f. V simply is the product of the sensor disc sur- tive to O3 and have to pre-activated with ary @ose of
faceF (=m -d?/4=0.8 cn?) and the distancé between sen- 100-500 ppbv h! (Speusser, 1989; Muller et al., 2010,
sor disc and CPMd=0.4 cm), i.e.V =0.32 cn¥. Already at and references therein). Thereafter, still a weak and
untypical low flows of 2 vol-lmin® (= 34 cn? s~1) the mea- slowly varying dependence of the sensor sensitivity on
surement volume is exchanged in 10ms or witth00 Hz, the ozone mixing remains. That is, low ozone levels in

respectively. Therefore, at usual measurement conditions the ~ sample air does result in weak re-activation and the con-
measurement frequency of the instrument itself is limited by sumption of active sites may outweigh until equilibrium
the data transfer rate that is 50 Hz at most. However, for field is reached again at slightly lower sensitivity levels.

use one has also to consider mixing that occurs in the inlet _ ) o

line which can make the effective response time much longerAS IS obvious from Fig. 4, both equilibration processes are
see Sect. 4.5. slow and much slower than the atmospheric variations one is

For quantifying the instrument precision in dependence onUSually interested in, see Sect. 6.
measurement frequency, data are analyzed that was recorded TN€ NOiSe or precision, respectively, in the (50-Hz) dataset
over a period of 100min at a measurement frequency ofshown in Fig. 4 is evaluated by applying the Allan-variance
50 Hz and a constant{nixing ratio of 45 ppbv, see Fig. 4. Method, see Fig. 5. _

The signal decreases exponentially, with an instantaneous AS described by Werle et al. (2004), the Allan-variance
sensitivity decrease 6£30 % per hour at measurement start describes the precisioaOs of a device as function of the
and—1.5 % per hour after 100 min (dashed line, right y-axis). fime = over Whl(_:h the o!ata is integrated. The Allan-vanance
This relaxation to (almost) constant sensitivity constitutes amethod is applied to five sub-datasets covering a measure-

typical feature of the sensor discs and is due to two equili-Ment time of 20min each. As shown in Fig. 5, all five dis-
bration processes: tributions start at a precisiom of ~0.4 ppbv at a measure-

ment frequency of 50 Hz. Towards integration times of up to
1. the sensitivity dependence on the humidity of the sam-~10s, the precisiohOs roughly decreases with the square
ple air. Schurath et al. (1991) report a sensitivity in- root of the number of considered data points and thus with
crease ofv11 % per percent relative humidity for simi- the square root of the integration tirneThis linear decrease
lar types of sensor discs. As the sample air delivered byin a log-log-plot with a slope of-0.5 describes the behavior
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number of detected photons caused by the fluctuation of photons detected by the pho-
i v e bl 1 tomultiplier, i.e. by quantum noise or photon noise, respec-
14 S R 1 tively. In this case, the relative instrument nois®s/O3
8: ] —— 0- 20min 96 0035 1 simply decreases with the number of photons n falling onto
0s ] N e P W o ] the detector as follows:
N 60- 80 min 21 0.018 Sl AO3z 1
I — X — 1
0.2 03 ﬁ ( )

and as function of the number of considered data paints
and the integration time:

AQO3 _ <A03) 1 _ (AOg) 1 @
O3 Os Jy-1 VN Os Jio1is VT
being (AO3/O3)y—1 the relative 1ls noise at 50Hz,
0.01 T (AO3/03),=15 the relative 1s noise atr=1s andrt in
oot o ime;ration e 11?5) 1% seconds. In Fig. 5 or at 45 ppbv absolutéyQ/03) y—1
amounts to~1.22% (=0.55 ppbv/45 ppbx 100 %) and
Fig. 5. Allan plot for five sub-datasets covering 20 min of measure- (A03/O3):=15t0 ~0.20 % (= 0.09 ppbv/45 ppbx 100 %).
ment each. The upper x-axis indicates the number of detected pho- As elucidated in Sect. 5, the measured signal output can
tons considered to derive the plotted standard deviation. For a morbe converted in a number of photons that reached the detec-
detailed explanation, see text. The box lists the highest precisiortor during the measurement time. At the constant conditions
O3 min (in ppbv) achieved at the stability timgq, (in seconds) of  during this laboratory test and the equivalence of integration
each sub-dataset. time (lower x-axis) and number of analyzed photons (Egs. 1
and 2), in Fig. 5 also the number of detected photons used to
o _ _ _ calculate the displayed standard deviation is indicated (upper
for statistically independent measurements (white noise) dex.axis). For instance, over an integration time of 15, alto-
scribed by a normal and Poisson distribution (dashed line). gether 3.% 10° photons were detected which result in a rel-
At certain integration times, the so-called stability time, ative quantum noise of/4/390 000 =0.0016 or 0.072 ppbv

highest precision @min is achieved. Then drifts, in the absolute (=0.0016 45 ppbv) and thus just the value indi-
present case the sensitivity change of the sensor disc (se&ted in Fig. 5.

Fig. 4), starts to play a role anlO3 increases again with

longer integration times. As listed in the box in Fig. 5, high- 4.3  Precision as function of ozone mixing ratio

est precisions of 0.016—0.035 ppbv are achieved at stability

times of 10-40's, in which the latest sub-dataset (with theNext the instrument precision is measured gtrixing ra-
weakest drift, see Fig. 4) expectedly shows the longest statios between 3 and 300 ppbv, see Fig. 6. These measure-
bility time and thus highest precision. Note, that this preci- ments were done at ambient pressure (1000 hPa) at a flow of
sion is more than a factor of 10 better than the one of Uv2Imin—! provided by the ozone generator. The measurement

photometers which typically amounts to 0.5 ppbv at a meafrequency was set to 10Hz. Again a log-log diagram was
surement time of 10s. chosen and again an extremely compact linear decrease of

We conducted further laboratory tests, for instancethe 1o noise with the ozone mixing ratio was observed, with
recorded data with different measurement frequencies of 502 Slope 0f-0.505 and a correlation coefficieRf = 0.998:
25, 10, and 1 Hz over typically 1 h, calculated the noise over oo, (AOg) 1 39% @

0.1
0.08 ]

0.06 1
0.04

O, standard deviation (ppbv)

0.02

subsets of 100 measurement points each, and finally plotted=— = =
the emerging noise distribution as probability density func- © O3 /og=1ppov vOs VO3
tions (PDFs, not shown). These PDFs illustrate how oftenwith (AO3/O3)0,=1ppbvthe relative 1s noise at @= 1 ppbv

a certain noise/precision occurred in these 1-h datasets. Irand Q the ozone mixing ratio in ppbv. Thug03/O3 is
deed, we inferred exactly the same result, as already derived.22 % at Q=10 ppbv and 0.39% at £ 100 ppbv (at a
from Fig. 5. measurement frequency of 10 Hz).

Namely, at measurement frequencies of up to 0.1 Hz the The explanation for this decreasing noise with increasing
data are Poisson distributed, i.e. the instrument indicate®©s mixing ratio (Eq. 3) is identical with the one brought for-
shot noise. In this case, the signal-to-noise ratio SNR in-ward for explaining Fig. 5 and the Eqgs. (1) and (2). The
creases with the square root of the number of considered datastrument shows a linear response, i.e. then@xing ra-
points N, i.e. SNR=/N, and the relative instrument noise tio scales with the number of photons emitted by the sensor
decreases inverse proportionally wighv (Kingston, 1978).  disc. Again (as in Fig. 5) the x-axis of Fig. 6 can thus be
As further explained in Sect. 5, the observed shot noise isnterpreted as number of detected/considered photons used

Atmos. Meas. Tech., 5, 36375, 2012 www.atmos-meas-tech.net/5/363/2012/



A. Zahn et al.: A fast and precise chemiluminescence ozone detector for eddy flux and airborne application 369

number of photons detected in 100 ms 23 T T T T T
. s . - 1?4 " . - 1?5 ) p =1000 hPa ) ./.>_>—v .—_
b, p = 1000 hPa 2.0 ./ -
- .\\ f= 10Hz [ //./
P :@ //./
=5 Ty S 154 e 4
3 . g S
o . o?
e ~ o Pl B
o 14 e, g =) g
= 08 { - ] = &
Q 081 ~. E 1.0 P 4
® 0.7 N 2 /. /
2 08 1 . s i
c 05 6\\ | - d/ |
o ) : /!
2 04 4 N 4 o
& . s —e— data |
C p3dly=a*x \'\ ] OO-g’ _____ fitS=2.4106*(1-e‘m‘4) |
a= 3.856 +0.098 N . . : . ; = - - | = .
s | b:—O.SOS +0.014 o 0 1 2 3 4 5
R"= 0.998 flow (nl/min)
——— . ——y .
2 4 6 810 20 40 60 80100 200 400 ) ) ] ) ) ) ]
0, mixing ratio (ppbv) Flg. 7. Slgnal intensity as function of the air sample flqw (in nprmfil
liter per minute). Dots: measured data. Dashed line: Fit using

. . . . . Eq. (4).
Fig. 6. Relative 1e noise or measurement precision, respectively, a- (4)

as function of ozone mixing ratio between 3 and 300 ppbv at a
measurement frequency of 10Hz. The upper x-axis indicates the
number of detected photons considered to derive the plotted rela- In Fig. 7, the signal intensity is displaced as function of
tive noise. the sample air flow.
The signal intensity strongly increases with the sample

. S . flow and reaches a plateau at flows-e#.5Imin. A fit
to calculate the displayed relative instrument noise (upper x-

axis). For example, at £ 100 ppbv altogether 8.57 10" using Eq. (4) can quglitatively describe.th? signal in'gensity
photons were detected which result in a relative quantumgiu'[nsslg%eeﬁi;gg Ilovzv Zf;glss?g%wz'mm and too high
noise of ¥+4/85700=0.34% and thus just the value indi- g ' '

cated in Fig. 6. 4.5 Instrument response time

4.4 Signal as function of air sample flow Besides the exchange rate of the air volume above the detec-

The sample air flow constitutes the last parameter that still inor disc (which 1S onl_y Some ms, see Se.ct.. 4'2).’ t_he '”S“F“
fluences the measurement signal and thus the measuremeRE "t response time IS det.ermmed by mixing W't.hm the air
noise. Namely, the sample air flow determines the kineticss.ample inlet tube. This MIXINg causes progressive attepua-
around the sensor disc and thus the afflux effiblecules tion of t_racer (he_re 9 f_Iuctuatlons along the |r_1Iet line a_nd IS
reacting on the sensor disc surface. Small sample air ﬂowgletermme(_j by (i) the ml_et tube Ien_gth and dlameter,_ l.e. the
can e.g. result in an increasing depletion of @olecules t@nsport time from_ the mlet tube tip to Fhe sensor disc, and
along the sensor disc as the exchange with undisturbed san"—') the flow regime |n.the inlet tube (Iammar or turbulent).

ple air is so slow that the air layer just above the sensor disc is For measuring the instrument response time, we conducted
progressively diluted towards the end of the sensor disc. Thi§he fo'II('meg measurement sequence. SamP'e ar ha"'”g an
kinetic limitation was found in earlier studies and results in O3 mixing ratio of ~200 ppbv was guided via a solenoid
the typical signal increase with increasing flow until aplateauPT_F!E valve and a (one connecilon to the Iab_oratory open)
is reached along which only a very weak dependence existg—'f'ttmg to the G sqnde. After a constant305|gna_l was
(Hodgeson et al., 1970; Speuser et al., 1989). Hilsenrath an&eached, th? solenqd valve was actuated after which the O
Kirschner (1980) described the signgilas function of the instrument immediately started to suclg-foor laboratory

sample air flowF as follows: air via the T-fitting. We varied sampling flow and the length
' and diameter of the inlet tube, and analyzed the signal from
S=A-0O3 - F. (1 _ e—B/F> ) the G sonde as function of time. The measureg €y-

nal for two different inlet tube lengths and sampling flows
with A and B empirical constants depending on sample discis depicted in Fig. 8. The air transport time to the sensor
sensitivity and sensor geometry. At low flowsscales with  Tinlet, defined here as the time between valve switch and ini-
the flow F (S=A-O3- F), and at high flowsS$ is indepen-  tial Os signal change, amounted 0.45s and 12.44s for the
dentonF (S=A-0O3- B). two configurations. Thegg time, defined as the time during

which 90 % of the signal change occurred and which can be
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10.4550.37s 3 P Y Y T SN FRPR |
1.6 - R n 10m o "
o ] theory for . 2 4 5m -\ oe
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Fig. 8. Instrument response in dependence on sampling flow and flow (I/min)
length of the 3/8 inlet tube. Signal response for two configurations; Reynolds number
red: inlet tube length oA =0.11 m and sample flow of 2.51 mi; 0 400 800 1200 1600 2000
blue: inlet tube length oA = 10 m and sample flow of 1.5 mi. Y S S S S S S S S S S |
Tinlet 1S the total air transport time in the inlet tube having a total B 1/4"
length of 0.30 m internal tube length within the instrument plus 14 =
additional (external) tube length (in total: 0.30 mA}. 7gqg is the s ] ]
time span along which 90% of the total signal change occurred. “é 05 1
Dashed black lines indicate solutions of the diffusion equation for _;
laminar flow, see Eq. (9). g 0.2 -
w
S 014
interpreted as the instrument response time, was 0.37 s ani & 68 ]
1.62's, respectively. =
The same measurement sequence was repeated for sar

pling flows between 0.8Imin' and 7.0Imim? and inlet

tubes having diameters of 1/4nd 3/8 and lengths between

flow (I/min)

0.11m and 10m, see results in Fig. 9a. As expected, the

longer the air transport time in the inlet tube, either by in-

Fig. 9. Measuredgg times for inlet tube lengtha between 0.11m

creasing the inlet tube length or by decreasing the sampling,4 10 m and air sample flows between 0.8 ITdimnd 7.0 mirr L.

flow, the larger is the instrument response titag

Top panel: for 3/8 (ID=6mm) sampling tube. Bottom panel:

As documented by Taylor (1953, 1954) and Lenschow andtor 1/4” (ID =4 mm) sampling tube. The upper x-axes indicate the

Raupach (1991), this mixing along the axisf a round in-

Reynolds number. The grey and red areas are solutions of the diffu-

let line can be described by the one-dimensional diffusionsion Eq. (8), the upper border for pure laminar flow, the lower bor-

equation

803 8203

2 _ K, . — 5
St 872 ®)

with K, the virtual diffusion coefficient being

2 2

K — re-u® r-u-Re Se
©748. VO, - 96
for laminar flow(Taylor et al, 1953 (6)
r-u
for turbulent flow(Lenschow and Raupacti991) (7

with r the tube inner radius, the mean velocity of flowo,
the molecular diffusion coefficient of £) Rethe Reynolds

Atmos. Meas. Tech., 5, 36375, 2012

der for turbulent flow, in grey for an inlet tube length &f=10m,
and in red ofA =0.11m.

number being 2u /vy, vair the molecular diffusion coeffi-
cient of air and5c= vajr/vo, = 0.85 the Schmidt number (Tay-
lor et al., 2007).

As described in Taylor (1953, chapter 5, case B2; 1954,
chapter 10), for our case, namely the sudden change of con-
centration at time =0, the solution of the differential Eq. (5)
describes the mearnznixing ratio along the tube at a certain
locationz:

Os(z) = A + B - erf (f/I:_Z(;> @8)

with A the mean between the initial valu% 603 (r=0)and
end value =03 (> 0), i.e.A = (O} + 03)/2, B the half of
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the difference of the two &values, i.eB = (O% — O%)/Z, erf 5 Instrument performance
the well-known error function that goes fronil to +1, and
zo the location just at the middle of the transition, i.e. where In Sect. 4, we demonstrated that the instrument noise is
erf(...)=0 and Q(zo) =A= (o% + O%)/Z. As we measure the (a) dominated by noise generated at the detector, i.e. the pho-
O3 mixing ratio as function of time (and not as fUﬂCtiOﬂZQ),f tomultiplier, and (b) decreases with the square root of the in-
in Eq. (8) we have to replaceby r =z/u, i.e. tegration timer and @ mixing ratio. In the following we
will calculate the number of photons (photon flux) reaching

O} +05 Of—03 (110 ©) the channel photomultiplier (CPM) and the relevant photon

2 + 2 ' Jk; 1t ' u) noise or quantum noise, respectively, and will compare this

Al ired b K d 0 that E 9quantum noise with the noise actually measured.
required numbers are known or measured so that Eq. (9)" q haton currenkynotoncan be derived from the current

should describe the course from the initially high vaIu? @] delivered by the channel photomultipliégpy, the current

to the low end value ®as function of time. InFig. 8the®  ympjificationz of the CPM (up to 18, see CPM datasheet),
signal change suggested by Eq. (9) is indicated for both congng the quantum efficienc@e of the CPM 15%, see
figurations as dashed line. In both cases the agreement withpp datasheet):

the measurement is quite good, although the theory suggests
a slightly smoother transition especially for the short inlet Iphoton = Icpm ) (10)
tube and the higher flow. Z - Qe

Likewise in Fig. 9 solutions of the mixing model (EQ. 9) The CPM currenicpy is measured by the instrument as volt-

are displayed (grey and red areas) for inlet tube lengthsiget falling across the amplification resistanke2 M<):
of 0.11m and 10m and sample flows between 1.0 and counts iy
7.01min"1, in Fig. 9a for 3/8 sampling tubes and in Fig. 9b Y 8388608 PGA (11)

1 = — =
for 1/4’ sampling tubes. The upper border of the two areas CPM = R 2 MQ

represents the solution for laminar flok{in Eq. 6) where  with counts: voltage given by the 24-bit analog-digital-

a parabolic air speed distributions (withnax=2u in the  converter (ADC) and PGA: internal digital amplification (set
tube center) leads to strong tracer attenuation along the tubey the display between 1 and 64).

The lower border of the two areas represents the solution of The photon curreniphotonis generated by n photons each
Eq. (9) for turbulent flow K in Eq. 7) whereumax~ 1.1z producing (with the quantum efficienye, see Eq. 10) one

O3(1) =

(Lenschow and Raupach, 1991). electron on the CPM detector surface:

At first glance, one would expect that the solution for lam- d (n ) e_) an
inar flow should well approximate the observations, as thej,qo, = — \flphoton ™ € )=~ — Ztphoton (12)
Reynolds number was ever well below the critical value of dr dr

~2300, (Fig. 9a and b, upper x-axes) above which turbu-with ¢~ the elementary charge of 1:610~1°C.

lence in straight tubes usually sets in. However, as demon- Thus, at usually once set CPM voltaffepy and digital
strated by Lenschow and Raupach (1991) each elbow anémplification PGA, the number of photons falling onto the
even soft bending in the tubing (and in our case, changes ofhannel photomultiplier per second is:

the inlet line cross section within the sampling block) cause

enhanced radial mixing in the tube and pushes the effective—2ron _ Tphoton
diffusion coefficientK, towards the one for turbulent flow, dr 16-10719C
even at Reynolds numbers below 1000. _counts_ SV
Indeed our observations agree reasonably well with the so- = 8385608 PGA (13)

19c”
lution for laminar flow at flows below-2.5 I min—t (see also 2ZM& x Z x Qe x 16> 1077C

the agreement in Fig. 8) and progressively deviate toward#\t atmospheric pressure, an ozone mixing ratio of
the solution for turbulent flow for higher sample flows, al- 45 ppbv, and typical values of PGA=4 arithy=1700V
though the Reynolds number in the inlet tube is well be-(Z=441000, see CPM datasheet), the instrument actually
low the critical values 0f-2300. At low flows of below 1- measured a signal of75625 counts and (according to
31min~! (depending on tube diameter and length), the mea-Eqgs. 10 and 11) a photo currefghoton 0f ~85fA, respec-
suredrg time exceeds theyg time calculated even for lam-  tively. Equation (13) gives a photon flux ofighotor/d? Of

inar flow. We believe that these longay times are due to  ~5.3x 10° photons falling per seconds (cps) onto the detec-
some dead volumes, first between the valve and the T-fittingor (although onlyQg = 15 % are detected).

(outside the @sonde) and secondly within the PTFE detec- The respective photon noise or quantum naséhoton

tor block. Figure 9b indicates that with a short”1gam-  follows Poisson statistics (which approaches a normal distri-
pling tube and the internal vangg times of below 100ms  bution for large photon numbers) and thus is the square root
(>10Hz) can be reached, see further discussion in Sect. 6.2f the number of detected photons:

Anphoton = +/Mphoton (14)
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Finally, the relative quantum noise is 1.0 g - v
09 absolute i
Anphoton _ /Cps _ 1 ' (15) 0:8_. precision //, ]
l’lphoton CpS CpS = 1 50 Hz
3 77 &
However, the noise detectable by the CPM is higher, as its 2 06 17
quantum efficiencyQg is only ~15 %. This constitutes that o 05 ] 20 Hz/
only ~15% of the photons reaching the CPM are detected R 04 10Hz 7]
and the detectable quantum noise is: e 03] g s
. i / / //5 HZ -
Stphoton) _ vOPS- Qe ___1 (16) Bl e aw]
Nphoton |cpm cps- Ok JCps- Qg b ‘m'_;j‘/l:::’_';_f,_,,(—}"l" ]
0.0 rran . .
Inserting the number of photons reaching the detector in 1s 2.0 vy e .
and 20 ms lead to a detectable quantum noise of: Py N \ relative
A 1 o \ precision
1.6 E
Sfphoton) S~ 016% atlHz ] \
fiphoton [cpy /2.6 - 10F - 0.15 Mi\ ]
o 124 \ \ —
1 O\ -
- - ~113% at50Hz(17) g 10- S\ 50Hz ]
V62 10% - 0.16 S 0] \20 ) \\ 1
I : . O .7 .
As shown in Fig. 5, the I noise actually measured is 3 064 . 10Hz e "
~0.18 % (=0.08 ppbv/45 ppbv00 %) at 1 Hz and-1.11 % LS e O 5 Hz\\\\\;\:\\:\\—_
(=0.5 ppbv/45 ppbv100 %) at 50 Hz, which exactly equals 0.2 ] T
with the quantum noise. 0.0 e
As just shown, we are able to convert the measured signal 5 10 100 400

into a number of detected photons and thus into a quantum
noise which agrees with the instrumeng Inoise. This find-

ing allows us to parameterize the absolute and the relativérig. 10. Absolute precision (top panel) and relative precision (bot-
precision of the instrument as function of thg @ixing ra- tem panel) as function of 0zone mixing ratio and measurement fre-
tio and the set measurement frequerfcyAs the measured —guency at 1bar.

signal is proportional to the number og@olecules around
the detector (and not to thes@nixing ratio), the number of
photons falling onto the detector is proportional te/ @- T

Ozone (ppbv)

precision. At a measurement frequency of 10 Hz and typi-
(with O3 in ppbv, p in hPa, andr” in K). The temperatur@ cal O3 m_ixing rat_io_s in the boundary layer of 10-100 ppbv,
of the sampling air is about the temperature of thesGnde the rglatlve precision amounts to 0.4-1.0%. Atan integra-
(as the inflowing air quickly thermalizes with the inlet tube tion time of 105, the precision is another factor of 10 higher,
temperature) and thus varies by less than 10% (30K). Thid-€: 0.04-0.1 %, which is roughly a factor of 10 better than
small variation will be neglected in the following, and the State-of-the-art UV photometers.

signal/ measured by the £sonde is

I:c~03/p

with ¢ the instantaneous sensitivity of the used sensor discsrp,o strength of this new instrument is its outstanding pre-
The 1o signal noise is proportional to the square root of the .ision at high measurement frequency of up to 50Hz. It
absolute signal and the measurement frequency (see abovgy pjay out its strength in particular for eddy-covariance

and amounts to with a typical sensitivityof our Coumarin- g, measurements, usually at ground (Rummel et al., 2007)
47 sensor discs: or ship (Bariteau et al., 2010) and aircraft observations
(Ulanovsky et al., 2001; Bradshaw et al., 2002; Zahn et al.,

(18) 6 Field use, calibration, and recommendations

AO3 ~ 0.01 ppbv- \/Os3/p - \/f (inppby (19) 2002)

AO3 \/? ;

— ~ 1% - —— (in%). 20 i i ibrati
O3 /Os/p ( ) (20) 6.1 Recommendations concerning calibration

This 1o signal noise or instrument precision, respectively is Essential for both applications is the frequent calibration with

plotted in Fig. 10. It nicely illustrates the power of the dry an absolute measuring device, usually an UV-photometer. In-
Cl technique and specifically of the new instrument, namelydeed, reliable and accurate calibration is an eminently im-
its high measurement speed of up to 50 Hz at still very highportant issue, which in our opinion requires a more stringent
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approach than we could often find in the literature. We raise 10000 .
©  =15min 1 =15sec

T
three arguments that substantiate our concern: 40, = (4.9812.4) % ﬁ/ d0, = (:0.1£2.6) %
1. Muller et al. (2010) addressed the calibration of dry ClI ,”l

instruments in detail. They suggest inferring the in- 1000 I c&é." 3
strument sensitivity based on 15 or 30 min averages, ‘ ]
in which three approaches differing in the way of data
treatment are analyzed (e.g. if instrument offsets are
considered or not). These three approaches led to con:
siderably different sensitivities and thus inferred ozone
fluxes.

100 o)

frequency of occurence

2. Guesten et al. (1992) observed a considerable enhance :
ment of the sensor sensitivity by40% after abrupt o | - ’
changes of the absolute humidity from 0 to 1%. The L s R T T e
7 — 90 response time was estimated\d2 s. Although )
such sudden humidity changes do not occur in the at- Oy ayc1 = Os,uv) O iy
mosphere (at least not on stationary measurement plat-

forms), this strong KO cross-sensitivity might intro- Fig. 11. Plot illustrating the quality of the calibration of our dry

duce a significant source of uncertainty at too rare cali-C! Sensor with a UV photometer during a CARIBIC flighte10 h

bration sequences from Frankfurt (Germany) to Vancouver (Canada) on 24 Septem-
) ber 2009. x-axis: difference (in %) of the two instruments. y-axis:

3. We collected considerable information on the sensitiv- frequency a difference occurred. The total number of 4 s-data points
ity of our dry CI instrument deployed during300 is 8783. For the calibration two different integration times are ap-

long-distance flights onboard the CARIBIC passen- plied: 15 s (full dots), 15 min (light dots). The mean difference and
ger aircraft to various destinations worldwide, dur- standard deviation of the two datasets are given in the boxes. The

ing all seasons, and at a wide range of humidi- mean @ mixing ratio during flight was 204 ppbv, the minimum

. . . 29 ppbv, and the maximum 351 ppbv.
ties. The data processing after flight runs as fol- PP PP
lows: (1) Accurate @ mixing ratios are inferred

f'rom a home-made UV-photometer at a time reSOIU'We moreover recommend to measure the background signal
thn of 4s and an accuracy 0¢0.5ppbv. (2) From (zero-point) of the @-sonde (which is usually very small and
th_|s O3 datz_;\set av_eraggd datagfkan are generated constant, as determined by internal signal amplifiers) about
with a set .|ntegrat!on time of usually 15s. (3) Over. once a week (simply by closing air inlet and outlet) and to
the same time period pressgre-corrected averaged S'%ubtract this zero signal from the measured signal before a
nals of the @-sonde are retrieved/frear/ p), the (ex- calibration procedure is applied.

tremely small) background signalVi{eano/p) sub-
tracted, and the instantaneous-€bnde sensitivity cal-
culated: Q/mean— Vmeano)/plos’mean (4) US'ng this

calibration file, 10Hz- ozone data are inferred from As described in Sect. 4.5, the effective response time of the
the (10 Hz) data recorded from the:Gonde. device is solely influenced by mixing occurring in the sam-
One typical example is shown in Fig. 11. Here, the (4 s) UV pling tube between tube tip and sensor disc. The instrument
photometer derived ©data are compared with theg@onde  is equipped with a high-efficient fan (Sect. 2) which drives
data likewise averaged over 4s (or 40 data points). Plottecsample air through the device of up to 51 mindepending
is the frequency a certain difference of the two instrumentson the length of the sampling tube. As indicated in Fig. 9b
occurred during the flight (in 1 % difference steps). and if considering that some unavoidable dead volumes in
It is obvious that the high-frequency calibration works the test set-up have slightly increased the meast#giimes
much better. The mean difference-i9.14+ 2.6 % compared (see Sect. 4.5), short /4ampling tubes of-10 cm (just to
to —4.9+ 12.4 % for the 15 min calibration. Moreover, large avoid contamination from the instrument itself) alloyg re-
deviations of—25 to —40 % occurred during ascent and de- sponse times of below 100 ms {0 Hz). When longer sam-
scent where fast changes of the humidity altered the sensitivpling tubes have to be used and/or shorter response times
ity of the sensor disc, so that a 15 min calibration lags behindare required, we recommend connecting an additional exter-
this fast sensitivity change. nal pump that increases the sample flow and the degree of
Based on these three arguments we strongly recommentilirbulence within the sampling tube. By applying Eq. (9),
to apply ever a continuous calibration based on an UV-the user can easily estimate the response time for arbitrary
photometer with a time constant efl min (for aircraft ap- sample tube geometries (inner diameter, length) and sam-
plication) and~5 min (for eddy co-variance observations). pling flows. An upcoming redesign will further optimize the

aQ

|

10 - g
d
v

6.2 Recommendations concerning sample air flow
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detector block concerning short response times by avoidingabout two years different dyes, sensor disc materials, and hy-
dead volumes and sudden changes of the cross-section of thikophobization sequences have been tested in order to maxi-
sampling channel. mize both the discs’ sensitivity and durability. Currently (De-
cember 2011), the new sensor discs from Mainz reach almost
6.3 Recommendations concerning electric connection (75 % of) the initial sensitivity of the Bagus discs (i.e. are
and data transfer slightly more sensitive than the old GFAS discs we have used
here) and the durability could be enhanced to agrd@se of
Its outstanding precision of usually1% at 10Hz (see ~7000 ppbvh?'. These new sensor discs will become avail-
Fig. 11) makes the §sonde potentially susceptible to any able early next year (Mainz, personal communication). Their
improper electrical connection such as ground loops or datalevelopment and properties will be described in an indepen-
cables being too long or having too high capacities. We thusient publication.
recommend (i) powering the instrument via a passably clean |mportantly, the performance of thes®@onde described
power supply, (i) grounding the chassis only if the RS-232 here is independent on the properties of the sensor disc. The
interface is not connected, and (i) most importantly, col- instrument signal is certainly proportional to the sensitivity
lecting data — if possible — solely via the (digital) RS-232 in- of the sensor disc (Eq. 18) and the instrument precision
terface which is much more robust against electro-magneti¢1-o noise) is proportional to the square root @f With
interferences than the analog output. the actual sensor disc sensitivity which depends on the
disc material, age, and manufacturing (which may cause
significant inter-disc variability, Muller et al., 2010), the
7 Conclusions actual measurement precision can easily be inferred from
the Egs. (19) and (20).
The &;-sonde characterized here shows an outstanding per-
formance and makes it to one of the fastest device for measur-
ing atmospheric trace gases. Itis furthermore lightweight, ro-Acknowledgementsie acknowledge the support of the European
bust, and does not contain hazardous materials, which allow§ommission through the Integrated Project GEOmon (Global Earth
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