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Abstract. A DUALER (dual-channel airborne peroxy rad- 1 Introduction
ical chemical amplifier) instrument has been developed and
optimised for the airborne measurement of the total sum ofdydroxyl- and alkyl-peroxy radicals, HOand RQ, where
peroxy radicals during the AMMA (African Monsoon Mul- R stands for any organic chain, play an essential role in the
tidisciplinary Analyses) measurement campaign which tookchemistry of the troposphere, particularly in the formation
place in Burkina Faso in August 2006. The innovative featureand depletion mechanisms of ozone. In addition, they can be
of the instrument is that both reactors are sampling simultaused as good indicators for the photochemical activity of the
neously from a common pre-reactor nozzle while the whole@ir masses. Radical chemistry in the troposphere has been
system is kept at a constant pressure to ensure more signaHbject of intensive research in the past 3 decades (Clemit-
stability and accuracy. shaw, 2004; Monks, 2005). As radicals are intermediates of
Laboratory experiments were conducted to characterisénany chemical reactions, it remains difficult to quantify their
the stability of the NG detector signal and the chain length amount and impact in a particular environment. The per-
with the pressure. The results show that airborne measure@xy radical concentration depends on complex photochemi-
ments using chemical amplification require constant pressuréal mechanisms involving existing sources and sinks of nitro-
at the luminol detector. Wall losses of main peroxy radi- 9en oxides (NQ=NO+NQ), carbon monoxide (CO), hydro-
cals HQ and CHO; were investigated. The chain length carbons and ozone ¢ Consequently, there are still many
was experimentally determined for different ambient mix- Unknowns both in clean and polluted atmospheres concern-
tures and compared with simulations performed by a chemiing radical formation and effect. Measurement data, espe-
cal box model. cially scarce for high levels of the troposphere, are therefore
The DUALER instrument was successfully mounted required to improve the understanding of the tropospheric
within the German DLR-Falcon. The analysis of AMMA chemistry.
data utilises a validation procedure based on thentx- In recent years, both new detection techniques and sub-
ing ratios simultaneously measured onboard. The validatiorstantial improvements in the characterisation of existing
and analysis procedure is illustrated by means of the dat&neasurement techniques have been reported (Reiner et al.,
measured during the AMMA campaign. The detection limit 1997; Cantrell et al., 1996, 2003a, b; Green et al., 2003,

and the accuracy of the ambient measurements are also dig005; Mihele and Hastie, 1998; Mihele et al., 1999; Reichert
cussed. et al., 2003). The quantitative and selective discrimination

between H@ and RG was first accomplished by the Matrix
Isolation Spin Resonance Technique (Mihelcic et al., 1990).
The field deployment of MIESR is however limited by its
high weight, delicate sampling procedure and long sampling
time. Most recent developments aim at the speciation of dif-

Correspondence to: ferent peroxy radicals by using other techniques (Edwards et
M. D. Andrés-Herandez al., 2003; Fuchs et al., 2009).
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The chemical amplification is one of the most frequently produced per peroxy radical and consequently the chemical
used measurement techniques for the determination of thamplification of the signal. The chain length is defined by
total sum of peroxy radicals (PeRCAPeoxy Radical the competition of the chain propagating reactions:
ChemicalAmplification). Since this technique was proposed
by Cantrell and Stedman (1982) and calibrated by Hastie et102+NO — NO,+OH
al. (1991), there is abundant literature describing its gradual M
improvement and characterisation for the ambient measure@H=+CO+ 02 — CO+HO>
ment of peroxy radicals, and its deployment in diverse pol-
luted and remote areas (e.g. Monks et al., 1996; Carslaw fO2+NO— NO2+RO
al., 1999; Burkert et al., 2001a, b, 2003; AadrHerandez
et al., 2001; Cantrell et al., 1996a; Volz-Thomas et al., 2003;
Zanis et al., 2003; Fleming et al., 20064, b). _ “and the chain terminating reactions, mainly being:

In most cases, the measurement system consists of a sin-
gle reactor and detector. However, for remote areas and ailgy 4+ NO M, HONO
borne measurements, dual systems, comprising two identi-
cal reactors and one or two detectors, have been recently dcﬁo; +walls— non radical products
veloped in order to increase sensitivity and accuracy and to
fa\ddress the issye of rapiq changes pf c'oncentrations whicp|02JFNOZ M HOLNO,
introduce error in the radical determination (Cantrell et al.,
1996b; Green et al., 2003). HO, +HOp —> Hp0,+ 05

This manuscript describes and reports on the DUALER
instrument DUal channelAirborne peroxy radical chem- OH+HO; — H,0O+0;
icaL amplifiER), developed at the Institute of Environmen-
tal Physics of the University of Bremen (IUP-UB), and Under typical operating conditions, the radical-radical reac-
its deployment onboard a research aircraft for the meadions play a negligible role in the termination of the radical
surement within the AMMA (African Monsoon Multidisci- amplification process.
plinary Analyses) experimental campaign which took place A modulated signal is obtained by alternatively adding NO
during the African monsoon period in August 2006. The with CO and NO with nitrogen (B to the reactor. In the ab-
IUP-UB DUALER utilises a common inlet, and comprises a sence of CO the peroxy radicals decay quickly and only a few
double reactor and two identical detectors kept at a constarigptv of NO, are produced from the reaction of the sampled
pressure. In the following sections, the characteristics of theperoxy radicals with NO. As a result, the N@omprising
instrument, calibration procedures and performance duringhat in outside air plus other background trace gases produc-
the campaign are discussed in detail. Some modelling anéhg NO; in their reaction with NO like @ is measured in
analysis is used to support the interpretation of the data. ~ the so called “background mode”. When CO is added, the

conversion of radicals takes place and the totabNi©Othe
so called “amplification mode” (i.e., NOfrom the conver-

RO+ O, — HO2 + organic products

2 Experimental sion of peroxy radicals plus other background trace gases
producing NQ in their reaction with NO, plus Ngitself)
2.1 Description of the set up is measured. The content of peroxy radicals in the air can

be calculated from the difference between the signals of both

The PeRCA technique has been described in detail elsewheraodes,ANO,, provided that the length of the chain reac-
(Hastie et al., 1991; Cantrell et al., 1993; Clemitshaw ettion is determined. This is usually undertaken extensively in
al., 1997, 2004). Briefly, it uses the conversion of ambi- the laboratory (see Sect. 2.2) and regularly monitored during
ent peroxy radicals into nitrogen dioxide (N which is  campaigns.
then detected by measuring the chemiluminiscence of its re- The DUALER inlet shown in Fig. 1 was developed at the
action with luminol (3-aminophthalhydrazide:s87N30,). IUP-UB. It comprises a double reactor sampling from a com-
Generally, oxy, alkoxy, hydroxy and alkylperoxy radicals mon pre-reactor nozzle and connected to two identical lumi-
(OH+RO+HQG + XR0Oy) are all converted into N@ As nol detectors installed in a rack.
RO and OH abundances in the troposphere are much lower, The ambient air is mixed with NO and CO as soon as
PeRCA measures to a good approximation the total sum oit reaches the reactors (21 mm ID, 310 mmL stainless steel
peroxy radicals RQ(RO;=HO; + X ROy). cylinders, 10 mm inlet orifice) and this mixture is pumped

The conversion of RO into NO; is accomplished by through each reactor to its detector. The inner wall of the
adding nitrogen monoxide (NO) and CO to the sampled airreactors is Teflon coated. In order to ensure thorough mix-
in a specially designed reactor. This leads to a chain reactioing, the addition gases are forced into the reactor through
the length of which determines the number of N@olecules  a series of 8 orifices (1.5 mm ID) drilled radially at the top

Atmos. Chem. Phys., 10, 3043862 2010 www.atmos-chem-phys.net/10/3047/2010/



D. Kartal et al.: Characterisation of a DUALER for airborne measurements 3049

3wa 3way N
N, Valvey 0 €O valve ‘
DUALER inlet
NO, Linearization flow
< .
Pressure chamber - P NO NO, detector unit
Q
i Reactorl A Det.1 Luminol
HO, source o v Det.2 Box
¢ N | Reactor2
ac NO B S — &
NO, Linearization flow %
S = £
g g 8
% Sy 3 way 3 way 2
o z CO valve N N, Valve co 2
&) — 0
S o %)
2 Z =
[0} 0 >
s oL =
o
s
T~
L pump 3
DUALER inlet NO,detector NO,detector unit
o NO, detectors
_ luminol in peristaltic pump
Filter paper photodiode /

pre-reactor nozzle
- reactorl
L
o

-*‘ pressure reactor2
line

\{ airin e

luminol out Luminol-box

Pressure chamber

Fig. 1. Schematic presentation of the instrumental set up used for characterisation experiments and detail of some of the components of the
IUP-UB DUALER.

part of each reactor. The detector unit consists of a peri- Data are acquired with a DT 322 Multifunction Data Ac-
staltic pump for wetting with a §10~4M luminol solution quisition Board having an analog digital conversion rate
two Whatman glass fibre filters located in front of two identi- of 200kSA/s per channel, 30Hz averages being saved.
cal photodiodes (Fig. 1). A N£offset of 20 ppb is added to Homemade software is used to switch three way valves in the
the luminol detectors in order to assure their linear responsénlet system every 60 s alternating the modes of the reactors.
at low ambient @ concentrations (Clemitshaw et al., 1997). In such a way it is possible to have continuous information
Input and exhaust gas flows are purified using appropriateabout total and background NQvhich are separately and
chemical converters: e.g. charcoal/iodine removes iron andimultaneously measured by both detectors.

nickel carbonyls from CO; iron (1) sulfate (Feafremoves An important aspect of the IUP-UB DUALER is the pres-
traces of NQin NO, and activated charcoal with platinumin ;e requlation (see Sect. 3). This is achieved at the so called
aluminium pellets at a temperature> 100°C converts the e reactor nozzle, located in front of the reactors. As shown
CO in the exhaust to carbon dioxide (€O in Fig. 1, the air coming through a 1 mm nozzle reaches first
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Table 1. Operating flow conditions at the DUALER reactor during Table 2. Geometrical features of main components of the calibra-

AMMA. tion set up.

Gas Flow rate Reacto_r DUALER pre- DUALER Pressure
(ml/min)  concentration reactor nozzle reactor  chamber

Sampling air . 500 - Orifice diameter 1m 10mm 49.5¢cm

600 ppmv NO in ¥ 25 3ppmv Inner diameter 63mm 2lmm  49.5cm

CO (99.97% purity) 37 7.4% Length 13mm 31mm 105cm

N2 (99.999% purity)) 37 ~15% Volume 55cm 10.7cm?  0.2nP

NO, 1 ppmvin SA 10 20 ppbv

The NG response of the instrument detectors is calibrated
a volume of 54.5 ¢y which is kept at a constant pressure by regularly by adding different N@air mixtures from cali-
using a pressure controller (Bronkhorst, HI-TEC, F-004BI- brated air cylinders.
IV-55-V). The pressure line is connected to the sampling line  The CL calibration of the reactor is based on the pro-
behind the detectors and both are connected to the vacuumuction of radicals from the UV photolysis of water A8l
pump. In this manner the detector system is held at a setat 184.9 nm (Schultz et al., 1995). The IUP-UB calibra-
table, constant pressure. In order to prevent pressure variaion source has been described in detail elsewhere (Reichert
tions when switching the measurement modes, a flow.of N et al., 2003). Briefly, a known water-air mixture is pho-
or CO appropriately is added at the second addition point, atolysed with a low pressure mercury (Hg) lamp which in-
the bottom of the reactor. tensity is attenuated by using a nitrous oxide@\ filter,

For the AMMA flights (Andés-Heriandez et al., 2009; i.e., varying the NO/N; ratio in the absorption zone. CO
Reeves et al.,, 2010) the DUALER was kept at 200 mbar.is added to the gas mixture to convert the OH produced
To comply with safety regulations for the total volume of into HO, radicals. As the amount of radicals is propor-
CO allowed onboard the DLR-Falcon, the flows were ad-tional to the intensity of light, and the absorption coeffi-
justed to reach 3ppmv NO and 7.4% CO added to the ameient of NbO (Cantrell et al., 1997) does not change signifi-
bient flow; the total sampling flow rate at each reactor beingcantly around 185 nmofy20=14.05< 10-2° cn® molecule !
0.5sLmir L. Table 1 summarises the operating flow condi- at 25°C with a 0.0210-2°cn? molecule 1 K1, tempera-
tions and concentrations during AMMA. The gas residenceture dependency), different B®@adical amounts can be pro-
time in each reactor and in the line connecting the reactor taluced for a constant#D concentration:

the detector is therefore ca. 1.3 s, and 0.5 s, respectively. The 1849nm

i imei i ' oo T[H20]
gas residence time in the pre-reactor nozzle varies depe”d'”ﬁ-loz] _ H0 [O3] )
on theA P = Pampient— Preactor(S€€ Sect. 3). GCl);Mg nmroy)

o; being the corresponding absorption cross sections at
184.9 nm.

In order to characterise the performance of the instrument
for airborne application, a series of measurements were per-
e‘formed under controlled pressur®, conditions by deploy-
ing the calibration source in a pressure chamber of §2m

2.2 Calibration procedures

The sensitivity of the DUALER instrument relies both on
the efficiency of the conversion of radicals into N@& the
reactor, i.e., the chain length (CL), and on the performanc

of the NO& detector. The calibration procedure must there-""'9 )
fore comprise regular CL and Nalibrations. The known which can be evacuated down to 100 mbar. The experimental

dependency of the CL on the relative humidity (RH) of set up is depicted schematically in Fig. 1 and main geometri-

the air sampled (Mihele and Hastie, 1998; Mihele et al.,Cal features are summarised in Table 2.

1999; Reichert et al., 2003) has a negligible effect under

the AMMA measurement conditions. The DUALER in- 3 characterisation of the DUALER for airborne

let was not heated during the AMMA flights but its inner measurements

part was connected to the cabin of the aircraft. As a con-

sequence, the temperature of the reactors always remainegh important aspect of the airborne measurement of radi-

higher than that of the outside air. Therefore, the RH,cals is the stability of the instrument performance during the
pr:'aﬁal pHO r> decreases in the reactors with respectflight. Therefore a main issue of the characterisation of the

saturatio IUP-UB DUALER was the variation of the Nfsignal and
to the ambient adambient< Treactor CAUSES the increase in  the chain length with the pressure.

Ps'lﬁaﬁon and Pampient> Preactor CAUSES the decrease in the

P;:Iazrii)m in the reactors (Kartal, 2009).
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0.12 ‘ ‘ tector pressure is kept at 200 mbar is additionally shown in

0.11 | | Fig. 2 for comparison.
010 i j These results show the necessity to maintain the PeRCA
'§ 0,08 — ] 6 il detector at a constant pressure during airborne measurements
e e e e B in order to maximise the number and representativeness of
2 observations. This has impact on the aircraft flight patterns
w 007 % selected for the determination of atmospheric vertical pro-

O.0d ¢ detector 1 files and the identification of short term pollution events.

0.05 ®detector 2

— ] wnohegiliation 3.2 Variation of the CL with the pressure

0 200 400 600 800 1000 1200
Pressure in chamber (mbar) The extent of the chain reaction depends not only on the con-

centration of the reactants and the residence time in the re-
Fig. 2. Variation of the detector sensitivitys] with the pressure.  actor but also on the material and shape of the reactor, as it
§ is defined as Aa, NO, being NG=a X +b; and X the detector  results from the competition between amplification, chemi-
signal in volts. The filter paper was changed at 500 mbar (see text)sg| |0ss reactions and wall loses (Reichert et al., 2003). As
The values in dark blue and red correspond topNfetectors kept ; ;
pond to; PY" mentioned above, given the value of the CL, the;ROn-

at 200 mbar constant pressure. centration in the air sampled can be calculated as:

[RO5] = [HO) + 3[R0z} = 2152 @

The pressure variation of the CL for the reactors constitut-

. L . _ing the IUP-DUALER was determined experimentally using
Figure 2 shows the Ng@detector sensitivity determined dur a HO, source in which the produced HQs calculated ac-

ing two series of calibrations made at pressures between anl-_ "~ : .
bient and 200 mbar. The detector sensitivity is defined asCordlng o Eq. (1). For this, the oxygen {effective cross

S=1/a, NO, being NG = aX+b and X the detector signal section must be determined as it depends on the lamp condi-

; ) g tjions and the @ column (Hofzumahaus et al., 1997; Creasy
in V. The detector signal degrades along each experimenta . .
i : . et al., 2000), and the latter varies at different pressures. The
series after a few days as a consequence of filter ageing. This : : ;
: S apparentops is determined from the total absorption mea-
deterioration is therefore not expected to affect the measure- X . .
i ; sured at different @in the cell by varying the flow of syn-
ments performed with brand new filters over the course of hetic air (containing 20% § and N, through the calibration
flight. Changing the filter in the detector is always associate g =% g

with improved sensitivity. This was observed at 500 mbar in S0Urce. As only the central pO”_'O”_Of the flow is sampled_ by
the instrument, for the determination of the peroxy radical
the data set above.

) concentration the calculation of the effectiwg, locally at
The results show that between ambient and 500 mbar thg, g nosition in the photolysis region is required. This is de-

detector sensitivity remains constant within the errar & g¢yibed in more detail elsewhere (Creasy et al., 2000 Kartal,
+6%), while from 500 mbar the sensitivity decreases 5|gn|f|-2009)_ Both apparent and effective; for the calibration set

car_1tly when redu_cing the pressure, down_to 45% at 200 mbarup used in the present work are shown at different pressures
This can be attributed to the increase in the volume flow;, Fig. 3.

through the detector which above a certain threshold may the obtained experimental pressure dependency of the CL
lead to a drying out of the Iumino! on the filter. As the in- g shown in Fig. 4, where CL calibrations were made by con-
strument measures N@oncentration, the decrease of the yoqting 4 single reactor to the radical source installed inside
number of molecules involved in the luminescent reaction;p, pressure chamber, and by varying the pressure between
with decreasing the pressure might explain some of the 0b»q and 1000 mbar. A decrease in the pressure of the sam-
served behaviour below 500 mbar. pling air is associated with an increase in the volume flow
Changes in the pressure of the air sampled lead to a transthrough the reactor since the mass flow through the instru-
tion period of about 15 min, characterised by signal noise antnent is kept constant during the measurement. Provided that
instabilities in the detector sensitivity. In addition to the pres-the retention time in the reactor is sufficient for the chain re-
sure dependency of the luminol chemistry mentioned aboveaction to be completed, the CL is expected to decrease when
instabilities in the luminol flow affect critically the sensitivity decreasing the ambient pressure, as the wall losses are gain-
and overall performance of the luminol detectors. ing in importance as a consequence of the lower probability
Once the detector has stabilised at a particular pressuref molecular collisions at lower pressures. This behaviour
(i.e.,£0.15% variability), both signal and sensitivity remain is in agreement with the results in Fig. 4 and with previous
fairly steady until the next pressure change as shown in Fig. Z2xperiments with other reactors (Kartal, 2004).
with 2 calibrations performed at 400 mbar. The variation of A box model accounting for the main reactions involved
the detector sensitivity with ambient pressure when the de{see Appendix A) was used to simulate the CL pressure

3.1 Variation of the NO» sensitivity with the pressure

www.atmos-chem-phys.net/10/3047/2010/ Atmos. Chem. Phys., 10, 30822010
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cross section obtained experimentally at different pressures (in red)

for the calibration set up used in this work. ®R_1(HO2) eR.2(HO2) R_1(50%H02) 4 R_2(50%H02)

Fig. 5. Variation of the eCL with the ambient pressure. The IUP-
350 DUALER is kept at a constant pressuta) 200 mbar(b) 300 mbar.
R —i (50% HO) corresponds with a 50% HZB50% CH;Oo radical

300 .
q mixture for reactok.
250 o B @
@
200 * As mentioned in Sect. 3.1 the signal instability of the lu-

cL
.o

150 minol detector requires keeping the instrument pressure con-

¢ * stant during airborne measurements. This is achieved by reg-
100 &2 ulating the pressure at the pre-reactor nozzle previous to the
50 M o reactors, as described in the experimental section. For this
sim_CL DUALER, the CL measured in the laboratory is an effective
0 Oexp_CL CL (eCL) which is lower than the CL determined for the sin-
0 200 400 600 800 1000 gle reactor at the same pressure, since only the radicals not

being lost in the pre-reactor nozzle are participating in the
chain reaction at the reactor. As the peroxy radicals are re-

Fig. 4. Variation of the CL with the pressure as measured for a &cting rapidly with the walls, the losses at this nozzle before

single reactor. Simulated (sim-CL) and experimental CL (&)  the addition of CO and NO are expected to be important.

are plotted for comparison. Figure 5 shows the eCL measured at different ambient
pressures but keeping constant the pressure of the DUALER.

dependency. The wall losses were constrained to the medt IS Important to note that the eCL in both reactors is not

surements at 1000 mbar leading Vqﬁz — 1551, and kept identical. This is likely a consequence of slight mechanical
constant for the whole pressure ralrgg_e .Acco’rding to thisdifferences in the detectors affecting the interface between

1.2s and 1.8s are the minimum retention times required t(;the Iu.mmpl'solunon aqd the air sample and therefore the
chemiluminiscent reaction.

complete the chain reaction at 1000 and 200 mbar respec- . .
P P As expected, the eCL is lower than the CL determined for

tively. Generally the agreement is very reasonable but forth inal " thout ¢ le. When k
P < 400 mbar the simulations underestimate slightly the CL, € tsr:nggJEﬁégr V;" ou ptre—rteac or nothe. CLen eep-
obtained experimentally. This indicates that the variations"d the at a constant pressure the eL.L remains

with the pressure are either underestimated for the propaf—a'”){ S%nstant W.'tht'kr: reproﬁuutl;ltllty agd tt g%roe IS S%g&gmg
gating reactions or overestimated for the terminating reac!Cant ANETENCE In Ihe Tesutts obtained a an mbar.

tions (see Sect. 2.2). Provided that the increasecef.on The light curvature observed in the results in Fig. 5 is though

with the pressure has been thoroughly studied (Sander efery reproducible. This is interpreied to be relat(_edyrB_ .
al, 2006), the discrepancies must be caused by the termitsample~ PDUALER- Due to the pressure regulation the air
nating reactions. The pressure variation of the experimen—Sample rovys with higher v<_a|c.)0|_ty through t.he pre-_reactor
tal CL can be simulated by replacinge with a total nozzle at higherA P, what minimises the radical residence

P _ _ time in the pre-reactor nozzle and therefore the likeness of
kioss=1.5— ( /0. Pz))' where1=1013.15mbarpP2 is 5| josses. However, high velocities are associated with tur-

the measurement pressure apgsis expressed ing. bulences which might enhance wall losses in the pre-reactor

P (mbar)
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3.3 Estimation of radical wall losses in the pre-reactor

0 100 200 300 400 500 600 700 800 900 1000 1100
nozzle

Pressure in chamber (mbar)

Using a pure HQ calibration source, the HOwall loss rate
Fig. 6. Variatipn of the eCL with th_e ambient pressure for the (kx;)”z) can be estimated from the comparison between ex-
DUALER (a) without pressure regulatioth) regulated at 200mbar e rimental CLs obtained at different pressures for the single

and(c) _regl_JIated at 300 m_bar. The eCL obtained w_|thout pressur‘_ereactor (i.e., CL) and for the DUALER reactor without regu-
regulation is also plotted in (b) and (c) for comparison (red dots:

reactor 1; blue dots: reactor 2). Itgtln)g the pressure (i.e., eqbr; NPR: non pressure regula-
ion).
The total radical loss in the pre-reactor nozzle can be cal-

nozzle. LowAP is linked to less turbulence but to longer culated from:

radical retention times in the pre-reactor nozzle. At different

AP the eCL is therefore the result of these competing mech{HOz]« = [HOz]ge es?” 3)
anisms in the wall losses which may reach a compensation
point at about 600 mbar. [HO2]o and [HO),+ are respectively the mixing ratios en-

This is confirmed by the results obtained when theering the pre-reactor nozzle and entering the reactgys,
DUALER pressure is not regulated, up to 500 mbar (Fig. 6).!S the total radical loss rate, and [H>=[HO2]o-[HO2]ioss,
As the flow across the 1 mm orifice of the pre-reactor nozzlelHOz]loss being the radical loss by a retention tinfein the
is laminar, the pressure drop{) for each chamber pressure nozzle.
can be calculated Py decreases from 12 mbar at 200 mbar  The losses in the pre-reactor nozzle are the result of wall
to 2.5mbar at 1000 mbar. Thereforéy P = Psample— losses and radical-radical reactions. According to model

PpuaLer = 0. The corresponding eGier (eClypr: €CL N0O calculations (see Appendix A), chemical losses contribute
pressure regulation) decrease linearly with increasing cham0.19% and 0.23% to the total losses at 200 and 1000 mbar,

ber pressures, i.e., with higher retention time of the sample irfespectively. The total radical loss is therefore dominated by
the pre-reactor nozzle. Interestingly, while the @@k ab- the wall losses, anklpssis an upper limit of thekxglf.

solute values are of the same order of magnitude than in the |f the losses occurring in the pre-reactor nozzle are known
pressure regulated system, the discrepancies increase wilkkactly and taken into account in the calculation of the CL,
increasing pressure (Fig. 6), so that at the maximi®,  the actual CL in each reactor of the DUALER and in the
eClypr >€eCL This is consistent with the presence of addi- single reactor without pre-reactor nozzle must be the same.
tional turbulences at the pre-reactor nozzle associated witlrhus:

the pressure regulation, enhancing the radical wall losses.

As expected eClpr=eCL when the DUALER is kept at  ANO2puaLEr _ ANO2siNGLE

= CL; 4
200 mbar. [HOzlo—[HO2l pss .~ [HO2lo @

www.atmos-chem-phys.net/10/3047/2010/ Atmos. Chem. Phys., 10, 30822010
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Fig. 8. HO, losses at the pre-reactor nozzle for eCL at dif-
ferent pressures calculated from gq@ir, measurements without Fig. 9. Variation of the HQ radicalkjossaccording to experimental
DUALER pressure regulation, (empty circles) and a chemical boxeClLypr and CL values. kjgsg represents an upper limit dfyq)

model with a HQ radical trap. since the chemical losses ar®.2% (see text).
As eCL is calculated as eCLA—J\‘OZDUALER/[Hoz]O, then: andc¢ the mean molecular speed) decreases with increasing
pressure at constant temperature, as result of the decrease in
[HO2] 0ss —1_ eCL, (5) the mean free path. In addition, the velocity of the gas sam-
[HO2]o CL ple through the pre-reactor nozzle decreases when increas-

Figure 8 shows the Hlosses at the pre-reactor nozzle cal- ing the pressure as the mass flows are kept constant at all the

culated by Eq. (5) and on the basis of the experimental valyeBressures. This is in agreement with the values presented in
of CL and eCL. These values agree very reasonably with simF19- 9.
ulations of the eClpr at different pressures performed with A
the chemical box model described in Appendix A combined at the pre-reactor nozzle are estimated to be around 55% at

with a numerical trap removing radicals before amplification, 200 mbar. This situation is closest to the conditions during
The Eq. (5) is also applicable to the eGir. Thekiosscan the AMMA airborne measurements when the DUALER sys-

be calculated from the experimental values of ggand (€M was kept constantly at 200 mbar. -
CL: The wall losses of alkyl peroxy radicals are expected to
be lower. A series of experiments were performed by us-
Kloss= im [HO]o : (6) ing a methylperoxyl (CHO2)/HO, radical source. This is
t* [HO2]s achieved by adding methane (@Hnstead of CO in the cal-
ibration gas:

According to the results shown in Fig. 8, the b{@sses

The variation ofkjoss With the pressure is depicted in Fig. 9.
As stated above, thiggess represents an upper limit éfyq.
According to Hayman (1997):

M
/3 p2/3 S H+ 0O, — HO»
kwall = 1.85(— (—); (7

213018 )\ v y
OH+CH4+ 0 — CH302+H>0

H,O+hv(A=1849 nm) — H+ OH

wherev is the velocity of the gas (cnt$), D the diffusion
coefficient (cmMs™1), L the length (cm)d the diameter of As CH, is added in excess to favour the chemical reaction

the flow tube (cm)S the surface area (GnandV the vol-  over the OH wall losses, the source generates a 50%0gH
ume (cn?). and 50% HQ radical mixture.
In the case of the pre-reactor nozzeV, d, andL remain Once in the reactor, the HQadicals lead the amplifica-

constant at all the pressures and Eq. (7) can be rewriten as:tion cycle. The yield of HQ from CH3zO» for the experimen-
tal conditions is 0.85 (Clemitshaw et al., 1997) and results
kwall = Z (vl/ 3p% 3) ; (8)  from the reactions:

whereZ is a constant. According to Eq. (8), thgssis ex- CH302+NO — CH30+NO>
pected to decrease with increasing pressures since the dif-
fussion coefficientD (D=Ac/3, A being the mean free path, CH3O0+ O, — CH>O+HO»

Atmos. Chem. Phys., 10, 3043862 2010 www.atmos-chem-phys.net/10/3047/2010/
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Fig. 10. Variation with the pressure of the ratio between eCLs ob- tures (0% implies a pure Hsample). Red bars represent the corre-

tained for 100% HQ (indicated as eClooy) and for a mixture of  ghqnding overestimation in the B@nixing ratios determined with
50% HQG, plus 50% CHO (indicated as eCigyy). The meanratio  he oL for HO.

is 0.84.

the highT and humidity conditions prior to the flight which
possibly led to variable N@wall losses related to the forma-

The eCL is therefore experimentally determined from thetion of nitric acid (HNQ) in the pressure regulator and the
ANO, measured versus [Hcalculated by Eq. (1) for a 9as tubing in spite of lengthy flushing of the gas lines. As
0.85 yield from CHO.. a consequence, in-flight calibrations with this N&linder

As expected, the eCL for the mixture of H@nd CHO,  Were not possible.
behaves similarly over the pressure range but the absolute Short-term instabilities in the luminol flow can also be of
values are higher than for the pure bi&s the CHO, areless ~ importance during the flight and must be carefully taken into
effectively lost in the pre-reactor nozzle. Figure 5 shows the@ccount in the data processing. The flow instabilities lead to

eCL pressure variation for the DUALER kept at 300 mbar. Short-term and not s_imultgneoys variations in the_ sgnsi_tivities
The ratio eCLlOO%HQ/ CL50%HOL+50%CHO; is plotted in of the qlete_ctors which _mlght introduce uncertainties in the
Fig. 10. e detgrlmmatlon OfANOZ, i.e., NG an_]plificationNOZ background
. ... _as it involves the signal of both single detectors. The;NO
Based on these results, the eCL was simulated for dlffer'calibrations of the detectors with external cylinders made be-
ent mixtures of H@ and CHO,. As shown in Fig. 11, if

the eCL for pure H@is used for the analysis of all ambient fore and after the flights were insufficient to monitor potential

: . in- flight variations in the detectors sensitivity.
measurements, i.e., assuming equal wall losses for all peroxy . .
) S . : . To overcome these issues a mathematical method based on
radicals, the R@mixing ratios are 14% overestimated in the

case of the most common 1:1 HGHsO, ambient mixture the ozone concentrations measured sim.ultaneouslly on board
' " the DLR-Falcon was developed for the interpretation of re-
sults (see Sect. 4.1). This procedure enables the monitoring
4 Processing and analysis of AMMA data of potential changes in the sensitivity of the detectors and the
calculation of effective calibration parameters.

The analysis of airborne data requires an especially careful
evaluation which takes into account the experimental draw#4.1 Calculation of RO; mixing ratios during the
backs during the preparation and measurement periods. AMMA flights

The IUP-UB DUALER was deployed during the AMMA ) ) ) )
campaign on the DLR-Falcon for the measurement of pero)Q}Drowded that the signal measured in the background is es-

radicals during the African monsoon period in 2006 (ReevesSentially defined by the ambienz@onverted to N@by its
et al., 2010; Andes-Her@ndez et al., 2009). During the reaction with the a_ddegl NO qnd that the response ofth_eluml-
AMMA flight preparation periods in Ouagadougou, unavoid- "0l détector remains linear (i.e., N€X +b), the sensitiv-
able interruptions in the gas flows and power supply previoud®Y Of €ach detector for each single poinduring a selected

to the flights led to detector instabilities which constrained ime interval can be calculated.

the usefulness and representativeness of the calibrations, On 11uS; the sensitivity of one of the detectSts =1/ap; ata

top of this, changes in the N@oncentration provided by the time k can be palculated from two cons_ecutlvg Qeasure-
gas cylinder built in the DUALER (1 ppm N synthetic ~ Ments at the timé andk +1, ([Os])written as Q) for

air) were observed throughout the day. These are attributed t8/MPlICIty):

CH30+NO -5 CH;ONO

www.atmos-chem-phys.net/10/3047/2010/ Atmos. Chem. Phys., 10, 30822010
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X — Xk+1)

Sp1 = 9
O3k — O3(k+1)
O3() = O3k+1) = (@1 Xy +b1) = (@D1* Xk42) +b1) In an analogous manner, an array with- 1 elements is ob-
= ap1- (X)) — Xx+1)) tained for each point measured at the tilnen being the
O3k) — O3(k+1) number of measurement points within a selected time inter-
b1 = val:
Xy = X k1) :
O3y [ O31)— O30y |
O3z O3(2) — O3
- - Osk-1) —[Osw] bS(k—l) — O3 - -
ap1(y) Osks1) Osr1) — Oscty (O30 =Osw) / (X=X )
ap1(2) . , (O32—0sw)) /(XX )
) Osm) —Dxl 63( ) — O3 '
ap1(k—1) = T U == - X = (Osx—-1—O030)) / (Xk—1y— X x)
@ @~ Xk o -0 X —X
api(k+1) 3k+1) —O3(k) k+1) =X (k)
_ X X —Xw ( ) 4 )
apim) |, : ' O3(1)=03)) / (X () =X ()
L Jd(mn—1x1 X(k—l) _[X(k)] X(k—l)_X(k) _( n )/( (n) )
X (k+1) Xe+1) — Xk
_X(”) Jd(m-1)x1 _X(”) — X
(10)
Thus, a sensitivity array is attributed to each N®easur- [O31) | ali)l(l) * § b1 Zél(l)
ing point of a luminol detectorsy, ., = 1/“1*31(/{) being the O3 ‘D1 " 012 D1
mean value of the sensitivity of the detector at one point for| | . . .
a selected time interval. O3y —| | a1y * Xw = Ppik
O3k+1) aBl(k+l) * X (k+1) bBl(k+l)
[ap1) ] o N -
apni(2) L3 din _aDl(") *X(”) dnxl _bDl(”) dnxl
) . (12)
apyy) =mean | apik-1 (11) . _
ap1Gt1) Therefore, a value aff and ab value are assigned to each
detector signal. The variability of these parameters indicates
a the sensitivity variations of the detectors.
L 4Dl fm—-1x1

The values obtained are further used to calculate the mix-
ing ratios of the peroxy radicals at a tirkevithin each time
Conversely, the valug can be calculated for each measure- period selected, which normally corresponds with a flight
ment point as: pressure level:

ANO, N Apet1 X1(k)—Apet2: X 2(k)+(Bpet1— Bpet2)

[RG5reactor1=
2-reactor eClyeactor1 €Clyeactor1
ANO2 Apet2: X2(k)— Apet1 X 1(k) + (Bpet2— Bpet1)
[Roz]reactorZZ = ¢ ® ° ® ° = (13)
eClyeactor? €Clyreactor2

Atmos. Chem. Phys., 10, 3043862 2010 www.atmos-chem-phys.net/10/3047/2010/
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Fig. 12. Example of calculation of effective calibration parameters on the basig @IdR-Falcon measurements at 330 mbar on the 13
August 2006 (900 data point&) comparison between Kpin ppbv and background volt signals of the luminol detectors (B1 and B2, re-
spectively),(b) D1 and D2 detector signals in ppbv calculated with the obtained calibration paranmtgis<28.2+4.5; Ape>=16.8£3.1;

Bpet1=16.9+1.9; Bpep=14.3£1.5).

where the corresponding eCL are determined in the lab andBpeip=14.3+1.5) and used to obtain the mixing ratios de-

“I(l)

%
ai2)
Apey =mean| | ajy,

*

N (k+1)
| %)
a1

*
22)
Apep, =Mmean| | azy,

*

D (k+1)

L a;(n)

; BDetl =mean

; Bpet, =Mmean

7%
”1(1)
bl
bza()
bl(k+1)
| P10
baw
baa)

b?(k)
3
b2(k+1)

L b;(n)

(14)

picted in Fig. 12b.

This method might be subject to a certain error in the case
of malfunction of the @ instrument and/or sudden variations
of background ambient gases other thanoRidising NO or
providing directly NG to the DUALER. However, the vari-
ations in NO and N@ of the air masses within the periods
selected for analysis do not indicate any significant contribu-
tion of any potential interference. Within AMMA thé pe;i
parameters obtained from the; @-flight validation gener-
ally varied between 15 and 35 with 15-30% relative accu-
racy, in reasonable agreement with thearameters obtained
in the laboratory, which varied between 10 and 30 with 3%
accuracy.

4.2 Error analysis and detection limit

The calculation of the error associated with the;Raixing

The application of the calculation procedure is exemplaryratios must take into account the contribution of the follow-
shown in Fig. 12. These measurements were taken afg sources of uncertainty:
330mbar during the flight on the 13 August 2006.

Fig. 12a the [@] in ppbv is compared to the raw back-

ground signal of the luminol detectors in volts.
the offset of the signals, the temporal evolution agrees very  Sect. 2.2) and the reproducibility is within 99% for lab-

reasonably as expected. According to the procedure de-  oratory measurements taken with the same filter and un-
scribed above, the effective calibration parameters are calcu-  der the same pressure conditions. By using the proce-
lated (Apet1=28.2+4.5; Apetp=16.8+3.1; Bpet1=16.91.9;

www.atmos-chem-phys.net/10/3047/2010/

Despite

1. NO, detector sensitivity. This is determined by the NO
calibrations with cylinders of known concentration (see

dure described in Sect. 4.1, the relative accuracy of the
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Fig. 13. Mixing ratios measured on the 11 August 2006 within a vertical profile taken between 360 and 960 mbar. TherfRMars
represent the statistical error of the 20 s averages. The tot%l] [&®r remains below 45% (see text).

NO; airborne measurements remains between 20% and  sults indicated that CD, represents 90% of the alkyl
35%. peroxy radicals present (Stone et al., 2010).

. CL determination. The effective CL is determined in the The detection limit of the N© detector is calculated as 3

laboratory for a particular measurement pressure withtimes the standard deviation of 20s signal averages at each
a 15% standard deviation. Potential in-flight losses ofcalibration point made at 200 mbar under laboratory condi-
radicals before reaching the addition point in the reactortions. This leads to a value of 0.8.05ppb NQ. As the

can only be estimated. These might be of significanceeCL=45:7 at 200 mbar, the R{detection limit is 3:2 pptv

in the presence of clouds or aerosols for 20 s time resolution.
During AMMA, a total of 8 DLR-Falcon flights were

. Radical partitioning in the air sampled. The presence ofconducted from Ouagadougou in Burkina Faso (12N5

peroxy radicals other than HQeads to an overestima- 1.30° W) in the period from 1-18 August 2006. An overview
tion of the [RG;] which most likely remains between 8 of the aircraft campaign and details of the flights are de-
and 14% for the most likely expected HIQH30; ratio scribed in Reeves et al. (2010). The results of the radi-
as stated in Sect. 3.3. There is no information availablecal intercomparison exercise during the flight on the 16 Au-
about the relative distribution of peroxy radicals during gust 2006 are analysed elsewhere (AsdHer@ndez et al.,
AMMA except for the radical intercomparison exercise 2010).

(Andrés Herandez et al., 2010) where the RHBO; ra- The total [RG] error calculated from the propagation
tio remained close to 1:1. Complementary modeling re-of the errors above remains between 25 and 45% within

Atmos. Chem. Phys., 10, 3043862 2010 www.atmos-chem-phys.net/10/3047/2010/
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The total [RG] error remains around 25% (see text).

AMMA, depending on the flight conditions and the stability calculation of RQ negative mixing ratios. Although chem-
of the measurement signals for any particular measuremeritally meaningless, these negative values are not removed

interval. from the data set as they are not caused by instrument failures
and provide useful information about radical variability and
4.3 Application to AMMA measurements instrument response in such a rapid changing environment.

The analysis of data is however based on periods of stable
The analysis of AMMA peroxy radical measurements dur- conditions.
ing episodes of intense convection and biomass burning is
presented elsewhere (Aredr-Her@andez et al., 2009). The
RO; data selected in Figs. 13 and 14 illustrate AMMA mea-
surement situations associated with errors of different origin
and magnitude.

On the 11 August 2006 a vertical profile from 360 mbar
was taken over Ouagadougou before landing. Thej|R@e v
quite variable at the different pressure levels measured. In
the first two levels at 360 and 450 mbar, total odd nitrogen Figure 14 illustrate the variations of the B@ixing ratios
(NOy), O3 and CO change abruptly indicating the chemical measured on the 4 August 2006 at 315 mbar. In this case,
inhomogeneity of the air mass sampled. This situation dis-the outflow of a mesoscale convective system was sampled
turbs the local chemistry and leads to short term variations infrom 09:00 to 10:00 h. The measurement period is charac-
the background concentrations which can then result in theerised by high NO, N@and RG variability which is partly

At 570 mbar the longer lived species CO ang @main
fairly constant whereas NQvariations seem to define the
RQO; variability. Close to the surface at the highest pressure
level, the RG mixing ratios are low and close to the detec-
tion limit. The [RG;] error bars in Fig. 13 represent the sta-
tistical error of the 20 s averages. The total error all over the
ertical profile remains between 40 and 45%.

www.atmos-chem-phys.net/10/3047/2010/ Atmos. Chem. Phys., 10, 30822010
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Table Al. Reactions used in the chemical box model. The rate coefficients are in unitsoficiecule 1 s—1 except for the first order
heterogeneous wall loss of HQbased on the experimental data of this work) and the unimolecular decomposition of peroxynitric acid
(HO2NO,) which are in 1.

Low pressure limit High-pressure limit Rate constants

Reaction ko(T) =k30UT /300" koo(T) =k30%T /300~ for bimolecular

k300 n %390 m reactions at 298 K
NO+OH-Y HONO 7.1E-31 2.6 3.6E-11 0.1
NO,+OH-> HONO, 2E-30 3 2.5E-11 0
NO,+HO, M HOLNO, 1.86-31 3.2 4.7E-12 1.4
HO,NO, Y NOL+HO, k = kNOy+HO,/ (2-1E— 27-exp(10 90Q7))
OH+OH-Y H,0, 6.9E-31 1 2.6E-11 0
CO+OH2 COx+HO, (1.5E13)(1+0.6P)
NO+HO,—> OH+NO, 8.1E-12
HO,+HO, 5 Hy00+0, (4.9E32)[M]
OH+HONO-> Hy0+NO, 4.5E-12
HoOp+OH—>HO+H,0 1.7E-12
HO,+0OH— Oy+H>0 1.1E-12
CH30,+HO, —> CH300H+0, 5.2E-12
CH302+NO—> CH30+NO, 7.7E-12
CH30+0, —CH0+HO, 1.9E-15
CH30+NO-", CH30NO 1.4E-29 3.8 3.6E-11 0.6
HO»+walls— non-radical products 1.5 (this work)

associated with the presence of clouds and fresh emissiorson time in the pre-reactor nozzle enables the calculation of
(Andrés-Herandez et al., 2009). In spite of the complex lo- the eCL for differentA P.

cal chemistry, the generally smooth @ariations minimise According to the laboratory characterisation of the IUP-
the error associated with the B@alidation algorithm pre-  UB DUALER regarding the signal to noise ratio, the sta-
sented in Sect. 4.1 and the total [R@rror remains around bility of luminol flows in the NG detectors, the eCL, and
37%. the CO consumption, the performance of the instrument dur-
ing airborne measurements is expected to be at the best for
AP around 500 mbar. The actual DUALER configuration
is not suitable for system pressures below 200 mbar and

A DUALER instrument based on the chemical amplification this restricts the measurement to ambient pressures above
technique is proposed for the airborne measurement of per2 /0 mbar.
oxy radicals. Due to the fluctuations in signal and sensitivity ~ The response of the instrument for different peroxy rad-
of the luminol detectors with the pressure, the system is keptcals was also investigated. As expected, higher eCL were
at constant pressure during the measurement. experimentally determined for G&, than for HQ. This

The pressure regulation at a pre-reactor nozzle, though op$ interpreted to be the result of lower wall losses ofzChi
timising the detector output and stabilising the reactor chainin the pre-reactor nozzle. These experimental results were
length, introduces turbulences which enhance radical walltilised to simulate the eCL for different mixtures of per-
losses prior to chemical conversion and amplification. The0OXy radicals. Using a common eCL for the determination
chain length determined experimentally is therefore an ef-0f [RO3] in ambient samples is subject to an additional error
fective chain length (eCL), resulting from the amplification Which most likely remains between 8 and 14% depending on
of the radicals reaching the gas addition point at the reacthe [HO;J/[CH30O;] ratio.
tors. The losses at the pre-reactor nozzle are mainly wall The IUP-UB DUALER was successfully deployed during
losses. The eCL varies With P=P;mpient— PouaLer indi- the AMMA measurement campaign in West Africa in 2006.
cating the effect of turbulences and retention time in the wallln order to cover most of the measurement conditions, the
losses at the pre-reactor nozzle. Each DUALER instrumenpressure of the system was kept at 200 mbar.;[R@tween
must therefore be thoroughly characterised prior to any deb and 60 pptv were measured in air masses of different pho-
ployment in an airborne platform. Knowledge of the reten- tochemical characteristics (Arieb-Heriandez et al., 2009).

5 Summary and conclusions
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