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Abstract. N2Os detection in the atmosphere has been ac-N2Os mixing ratios well agree within the combined accuracy
complished using techniques which have been developedf measurements. Slopes of the linear regression range be-
during the last decade. Most techniques use a heated inlet tiveen 0.87 and 1.26 and intercepts are negligible. The most
thermally decompose 2MDs to NOz, which can be detected critical aspect of NOs measurements by cavity ring-down
by either cavity based absorption at 662nm or by laserinstruments is the determination of the inlet and filter trans-
induced fluorescence. In summer 2007, a large set of instrumission efficiency. Measurements here show that th@g\
ments, which were capable of measuringd\@ixing ratios, inlet transmission efficiency can decrease in the presence of
were simultaneously deployed in the atmosphere simulatiorhigh aerosol loads, and that frequent filter/inlet changing is
chamber SAPHIR inillich, Germany. Some of these instru- necessary to quantitatively sample®§ in some environ-
ments measuredd®Ds mixing ratios either simultaneously or ments. The analysis of data also demonstrates that a general
alternatively. Experiments focused on the investigation of po-correction for degrading filter transmission is not applicable
tential interferences from, e.g., water vapour or aerosol andor all conditions encountered during this campaign. Besides
on the investigation of the oxidation of biogenic volatile or- the effect of a gradual degradation of the inlet transmission
ganic compounds by N§ The comparison of pDs mix- efficiency aerosol exposure, no other interference fgOiN

ing ratios shows an excellent agreement between measureneasurements is found.

ments of instruments applying different techniques (3 cav-

ity ring-down (CRDS) instruments, 2 laser-induced fluores-

cence (LIF) instruments). Datasets are highly correlated as

indicated by the square of the linear correlation coefficients,

R?, which values were larger than 0.96 for the entire datasets.
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2764 H. Fuchs et al.: NOs comparison NO3Comp in SAPHIR

1 Introduction designed to produce NCand NOs and potential interfer-

ing species during eleven days of experiments in the at-
The nitrate radical, N@ and its reservoir species dinitro- mosphere simulation chamber SAPHIR iilidh, Germany.
gen pentoxide, bOs, play an important role in nocturnal This was the first attempt to compare instruments apply-
chemical processeSVayne et al.1991). NOs is a major oX-  ing cavity-based absorption techniques (5 instruments for
idant for pollutants during the night and contributes to the NOs, 3 instruments for NOs + NO3), LIF (2 instruments for
oxidative capacity of the atmosphere. Reactions ofdéd NOs + N5Os), and DOAS (1 instrument for N§). No CIMS
N20s drive numerous chemical cycles in the nocturnal atmo-instrument took part in this campaign. The results of the com-
sphere, including the removal of nitrogen oxides (Bi@wn  parison of NQ measurements are discussedluyn et al.
etal, 2004, production of organic and inorganic nitrate (e.9. (2019). In addition, comparison of N§£concentrations, mea-
Atkinson and Arey 2003, and halogen activatiorOsthoff  sured by a number of instruments, have already been pre-
et al, 2008 Thornton et al. 201Q Phillips et al, 2013.  sented Fuchs et al.20103. Detection of the sum of per-
These nocturnal processes impact the ozone formation paoxynitrates §_PNs), total alkyl and multifunctional nitrates
tential on the following day (e.gBrown et al, 200§ and  (3"ANs) and nitric acid by a thermal dissociation LIF instru-
the formation of secondary aeroséty et al, 2009 Riemer  ment Qay et al, 2002 were used for the interpretation of
etal, 2003. NOs is the product of the reaction of 0zone3,O  the fate of reactive nitrogen species during experiments that
with nitrogen dioxide, N@. N2Os is formed by the further  jnvestigated the degradation of VOCs by Néhd associated
reaction of NQ with NO, but is thermally labile, so that secondary aerosol formatioR¢llins et al, 2009 Fry et al,
NOz and N:Os concentrations are often in a thermal equilib- 2009 2017). In this paper, the comparison 0685 measure-

rium (equilibrium constankKe): ments is discussed.
O3+ NO2 — 02+ NO3 (R1)

NO3 +NOs = NyOsg (R2) 2 Experimental setup

[N2Os] = Keg[NO3][NO2] 1) 2.1 Cavity ring-down spectroscopy

NO3; and NbOs are abundant only at night, because NO Several instruments using cavity-based absorption tech-
is easily photolyzed and undergoes rapid reaction with NOniques participated in this campaign. All instruments mea-
present during daytime. Nighttime,®s mixing ratios are  sured NQ absorption at its absorption maximum at 662 nm.
highly variable with maximum mixing ratios of a few parts In addition, three cavity ring-down instruments had the capa-
per billion by volume (ppbv) (e.dBrown et al, 2007). bility to detect NOs by its conversion to N@ The instru-

NOj3 has been detected by optical absorption spectroscopynents from the National Oceanic and Atmospheric Admin-
for several decades using (1) differential optical absorp-istration, US, (NOAA-CRDS) and the University of Alaska
tion technique (DOAS)Rlatt et al, 1980 and (2) matrix-  Fairbanks, US, (UAF-CRDS) contain two separate cavities
isolation ESR spectroscopy (MI-ESRlihelcic et al, 1993 allowing to detect N@and the sum of MOs and NG simul-
Geyer et al.1999. During the last decade, new techniques taneously. The instrument from the Max-Planck-Institute for
for atmospheric N@ detection have been applied: cavity- Chemistry in Mainz, Germany, (MPI-CRDS) had only one
based absorption spectroscopy (see reviBnmvn, 2003 measurement channel during this campaign, which could be
Ball and Jones2003 and laser-induced fluorescence (LIF) switched between N@and NoOs + NO3 detection. Because
(Wood et al, 2003 Matsumoto et aJ.2005. Stratospheric  there was no fast switching between these two modes, the in-
NOs3 has also been detected by remote measurements techtrument ran in either one of the modes during any given ex-
niques (e.g., from the grourfdlan et al, 2002 or from satel-  periment. The operators chose to measu®N- NOs only
lite Kyrolla et al, 2010. during two of the eleven experiments.

Because MNOs can be thermally decomposed to BO The principles of cavity ring-down spectroscopy for NO
closed cavity-based techniques and LIF also allow quantifi-are discussed elsewher®&réwn, 2003. Details of the
cation the sum of N@and NOs by using a heated inletand NOAA-CRDS instrument can be found bubé et al.(2006);
heated detection cell. Direct detection of®§ can also be  Osthoff et al.(2006; Fuchs et al(2008. The version of the
accomplished by chemical ionization spectroscopy (CIMS)instrument that operated during the comparison campaign in
(Slusher et a).2004 Kercher et al.2009. 2007 was based on pulsed laser CRDS. This instrument has

Quality assurance of measurements is an important tasksince been converted to a diode laser based instrurmé&mg-(
especially for recently developed techniques like those fomer et al, 2011). Aspects of the instrument that affect its
NO3 and NOs. One way to accomplish such quality assur- accuracy, such as the inlet system and calibration methods,
ance, is to compare concurrent measurements by differerdre similar to those described here. The UAF-CRDS instru-
instruments. In summer 2007, a large set of instruments dement is described byyers et al.(2005; Ayers and Simp-
tecting NG and/or NOs measured synthetic gas mixtures son(2006; Apodaca2008 and the MPI-CRDS bypchuster
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et al. (2009. A summary of the properties of these instru- the heater. The NOAA-CRDS and UAF-CRDS heaters con-
ments as operated during this campaign is given in Table sist of two stages, where ambient air flows first through a
Only a short description of instruments will be given here. Teflon converter maintained at 140 and 100C and then
Laser light is coupled into a cavity, which consists of two into the measurement cell maintained afZsand 85°C, re-
high reflective mirrors in a distance of 70—95cm. Either a spectively. The inlet and cavity of the MPI-CRDS instrument
pulsed laser (NOAA-CRDS) or a laser diode (UAF-CRDS, is heated to a constant temperature of@5If NO, con-
MPI-CRDS), which is periodically turned on and off, pro- centrations are exceptionally large, the equilibrium between
vides light at 662 nm. The spectral modes of the laser andNO3 and NbOs may not be completely shifted to NON2Os
the cavity modes must match to couple the light into the cav-measurements by NOAA-CRDS were corrected for this ef-
ity efficiently. In the NOAA-CRDS, a short laser pulse pro- fect by calculating (Eql) the maximum NOs mixing ratio
vides a dense spectrum of modes to be coupled into the cavitthat is not converted to N§at operational conditions. This
and is aligned into the cavity on-axis. UAF-CRDS and MPI- correction was less than 3 % for most of the experiments, but
CRDS couple the laser light off-axis into the cavity, in order was 8 % in the morning on 20 June, when the N@ixing
to increase the density of the cavity mode spectrau{  ratio reached 80 ppbv.
et al, 2001). The major uncertainty of N9and N>Os measurements
After the laser pulse has been applied or the laser diode hagy CRDS instruments, which use closed cavities, is their in-
been switched off, the light that leaks out of the rear mirror let transmission efficiencies. The loss of®§ on Teflon sur-
of the cavity is observed by a photo multiplier tube (PMT). faces, of which all instruments are made, is small compared
The time constant of the decaying light intensity gives a di-to that of NG (Simpson 2003 Aldener et al. 2006 Fuchs
rect measurement of the extinction in the cavity, including et al, 2008. However, in order to be detected; ® must be
Rayleigh and Mie scattering, absorption and loss due to thehermally decomposed to NOso that NQ loss in the cavity
mirror transmission and scatteringgrden et al.2000. Ex- needs to be taken into account. In order to minimise the res-
tinction due to scattering of particles does not play a roleidence time (few hundred milliseconds) of the sampled air
in the instruments here, because a Teflon filter (pore size 1in the cavity and thereby the NQoss, the flow rate in the
2 um, sufficient to remove all optically active particles from instruments is between 4 and 81 per minute. The pressure is
the sample air flow) is placed in the inlet and prevents par+reduced to approximately 350 hPa in the NOAA-CRDS in-
ticles from entering the cavity. The instruments are zeroedstrument to further shorten the residence time. In addition
by periodic additions of NO to the inlet. When NO is added, to the loss of N@, the NbOs mixing ratio can be reduced
NOj3 is quantitatively converted to NOn its reaction with by heterogeneous uptake, if the inlet system is exposed to
NO before entering the cavity, so that the N@bsorption  particles Fuchs et al.2008. In the NOAA-CRDS, the filter
can be selectively switched on and off: was automatically changed. The interval varied between 2 h
and 45 min depending on the aerosol concentration expected
NOs3 +NO — 2NO (R3) during a particular experiment. The filter could be manually
The NQ; absorption cross section determined Yikel- changed in the UAF-CRDS and MPI-CRDS instruments, so
son et al(1994 and the temperature dependence of the crosdhat filter changes were done at most every few hours, but
section byOrphal et al(2003 was used by all instrumentsto more often once per day during this campaign.
calculate N@ mixing ratios from the measured absorption.  Different methods can be applied to quantify theQy
Because of the specific titration of NOabsorption of other loss in the instrument, in order to correct measureiN
trace gases at 662 nm is included in the zero measurementsiixing ratios. Here, the pDs loss in MPI-CRDS and UAF-
CINO; or other halogens compounds likely to be activated CRDS was measured by varying the flow rate during oc-
from N2Os heterogeneous uptake do not absorb visible light,casions when N@and NOs mixing ratios were approxi-
they are very unlikely to present an interference to any of themately constant in the chamber. For MPI-CRDS a sticking
optical methods for N@or NoOs detection compared here. coefficient was derived from the reduction of the signal for
More details of the instruments regarding their capability to increasing residence time of the sampled air. The value for
detect NQ and the set-up in the SAPHIR chamber are de-the MPI-CRDS instrument was derived from measurement
scribed inDorn et al.(2012. One of the major advantages of of the NG; loss after NOs decomposition in the hot inlet
concentration measurements by absorption is that calibratioand cavity Schuster et al2009. A total loss of 16t 10 %
of the instrument sensitivity is not required. and 9 % for the measurement of the sum of ;\N&dd NOs
N>Os is thermally decomposed to NGn the inlet of the  was determined for the MPI-CRDS and UAF-CRDS instru-
instruments downstream of the Teflon filter. The tubing in thements, respectively, for their operational conditions.
inlet and the cavity are heated to 70 t0°@5 respectively, The loss of N@ and NoOs in the NOAA-CRDS was de-
forcing the equilibrium between Nfand NOs to the NG termined using a different approach. This instrument con-
side. The time needed for quantitative conversion is mainlytains one more cavity, in which NOs detected by CRDS
limited by the time needed to heat the sampled air. Thereat 532 nm Dubé et al, 2006 Osthoff et al, 2006. This mea-
fore, the conversion time depends on the specific design o$urement channel is placed downstream of the cavities for
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Table 1. Performance and properties of instruments detectis@g\during NO3Comp.

MPI-CRDS UAF-CRDS NOAA-CRDS UCB-LIF TMU-LIF

method off-axis CRDS off-axis CRDS pulsed CRDS fluorescence fluorescence
laser repetition rate/Hz 200 560 50 C.W. 10000
time resolution/s 5 lto2 1 300 720

1o precisiort/pptv 12 1.4 1.6 3 63d

1o accuracy/% +13 +25° +7 +20 +16

filter' Teflon 1-2pm  Teflon 2 um Teflon 2 pm no filter no filter
N»Osg transmission (tubing)  0.90 0.91 0.98 n.a. n.a.
N>Og transmission (filter) 1.00 1-0.013/h 1.00 n.a. n.a.
flow rate/slm 8 8 4 6 2.4
cavity length/m 0.7 0.685 0.93 n.a. n.a.
mirror reflectivity/% 99.998 99.995 99.9995 n.a. n.a.
max. ring-down time/us 95 95 450 n.a. n.a.
pressure ambient ambient 350 hPa 2.7hPa 8hPa
NOg titration frequency 1min 3min 3min 5min n.a.

@ Schuster et a(2009; b this work; € at the original time resolutiorft determined from counting statistics of measurements during this campaign;
e without systematic errors from filter aging ah@TFE Teflo, Pall.

NO3 and NvOs. A constant NOs mixing ratio in zero air 2.2 Laser induced fluorescence
from a solid NOs sample, which is kept at dry ice tempera-

ture, is fed into the system. The samplegly mixing ratio  Two instruments making use of LIF participated in this
is quantified by measuring the NOnixing ratio, if excess  campaign. One from the University of California at Berke-
NO is added, so that NéJproduced after thermal decomposi- |ey, California, US, (UCB-LIF) and one from the Tokyo
tion of N205 in the instrument is converted to N(OBecause Metropo”tan University' Japan (TMU-L”:) Because of tech-
NOz loss in the system is negligible, the relationship betweennijcal problems, the TMU-LIF instrument measured only dur-
changes in the NPand NoOs signals with and without the  jng the last two experiments and the data quality was poorer
addition of NO gives the bDs transmission efficiency of the  than normal for this instrument. The UCB-LIF is described
instrument Euchs et al.2008. An N2Os loss of 2:3% was i detail byWood et al.(2003 2005 and the TMU-LIF in-
measured on four days during this campaign. strument byMatsumoto et al(2005.

Because the pOs loss is not determined regularly during  The UCB-LIF instrument samples six litres per minute
an experiment, potential changes over the course of an exhrough a critical orifice into two detection cells held near
periment are not monitored. The accumulation of particles in2 7 hpa. In each detection cell, N@ excited by a multi-
the system, especially on the filter in the inlet, can lead to amode diode laser near its absorption maximum at 662 nm.
variable, significantly higher pOs loss than determined in - The NQ; fluorescence is detected using a PMT with a red-
the characterisations experiments described above. For €Xensitive GaAs photocathode after passing two 700 nm |0ng-
ample, Fuchs et al(2008 estimated an increase of285  pass interference filters. The laser output is modulated for

loss of 2% per hour, if the filter is exposed to ammonium 45 ns long laser pulses with a duty cycle of 50%. Signal
sulfate aerosol at humid conditions for the NOAA-CRDS in- from the long-lasting fluorescence is only acquired shortly

strument. The filter in the NOAA-CRDS instrument was au- after the laser is turned off in order to reduce the amplitude
tomatically changed regularly for this reason. All measure-and variability in background from short-duration Raman,
ments by UAF-CRDS were corrected for anincreasin®  aerosol and chamber scatter. Similar to the CRDS instru-
loss with the filter age by an empirical function, which as- ments, the background is measured regularly by chemically
sumes that BlOs loss increased linearly by 1.3% per hour. destroying NQ in the inlet. In contrast to the NO used for
This correction and a 9% #Ds loss at zero filter age was  this purpose with the CRDS instruments, isoprene was used
derived by flttlng the filter transmission as a function of ageto avoid generating excess ﬁ@thh would produce asmall

in hours for nine filters used during this comparison cam-flyorescence signal in this instrument®% is detected as in
paign. The NOs loss in the instrument was measured by the the CRDS instruments by thermal decomposition tosNi©
flow variation method. The 9% 205 loss at zero filter age  the heated inlet of one of the detection cells, so that the sum
represents a combination of tubing transmissions and posspf NO; and N,Os is measured. To determine the inlet tem-
ble loss on an unloaded filter, which was probably dominatedyerature for NOs detection, thermal scans of the signal from
by losses other than the filter because the inlet transmissioN, 05 were performed under high N@onditions resulting

recovered after the filter change. The increase in loss withn g higher temperature setpoint (10) than is used by the
filter loading is attributed to loading of aerosol onto the filter. CRDS instruments.
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The concept of the TMU-LIF instrument is the same as system was only open for short events (duration within the
for the UCB-LIF. The major difference is the laser system range of minutes), because Baving been the main target
that provides the light to excite NOA pulsed Nd: YVQ species of the campaign, is easily photolyzed by visible light.
laser pumps a dye laser to produce laser light at the 623 nnithe chamber is flushed between experiments with ultra-pure
NOj3 absorption band. Unfortunately, the laser system did notzero air, which is mixed from evaporated liquid nitrogen and
operate for most of the time during this campaign. Only dur-oxygen (Linde, purity 99.99990 %), so that experiments al-
ing the last two experiments was the output powerful enoughways start with clean, dry air. Air which is consumed by in-
to detect NQ@ albeit with less sensitivity compared to the struments and small leaks is continuously replenished with
performance achieved in previous repoiafsumoto et al.  zero air leading to a dilution of trace gases at a rate of approx-
2005. NOg3 fluorescence is detected by gated, single pho-imately 5% per hour. The chamber air can be humidified by
ton counting with a time-delay after the laser excitation. Theevaporating Milli-Q water, which is flushed into the chamber
wavelength of the laser is periodically switched between on-together with a high flow of zero air. It is also possible to
and off-resonance wavelengths in order to account for backflush the chamber with filtered ambient air. This was done
ground signals, such as laser stray light and fluorescenctor one experiment (11 June). Besides instruments detect-
from NO,, which is also excited at 623 nm. Like the other ing NOs and NOs, a number of other instruments measured
instruments, the inlet of the TMU-LIF is equipped with a Oz (chemiluminescence detector, modified Eco Physics CLD
heater, which is operated at 85, in order to convert pOs 770AL, Ridley et al, 1992, NO (chemiluminescence detec-
to NOs. tor, Eco Physics CLD 770AL), N&(chemiluminescence de-

In contrast to CRDS instruments, the sensitivity of the LIF tector, LIF, CRDSFuchs et a].20103, VOC (PTRMS, lon-
instruments needs to be calibrated. The UCB-LIF calibrationicon, GC, Perkin Elmer) concentrations, and aerosol proper-
constant was determined ifilith by quantifying NOs si- ties such as number (CPC, TSI 3785) and surface concentra-
multaneously with this instrument, and a separate instrumentions, size distribution (SMPS, TSI 3936L85) and their com-
(NO> TD-LIF, Wooldridge et al.2010 that detects the N©  position (HR-TOF-AMS, Aerodyne Research).
fragment resulting from pOs thermal decomposition and is NO3 and NOs were produced in the slow oxidation of
calibrated with an N@standard. The NQUCB-LIF instru- NO, with Oz, which were injected into the chamber from
ment was calibrated on one day during the campaign. The gas bottle (Linde) and a silent discharge ozonizer, respec-
pressure dependence of the Stokes Raman scatter was megely. No NOy is observed in the clean chamber and after
sured hourly during normal instrument operation and used agzone addition to the clean chamber air. No other trace gas
a proxy for cell alignment to normalise the instrument sen-was added during three experiments (9, 12, 13 June). On 12
sitivity (Wood et al, 2005. Calibration of the TMU-LIF is  and 13 June, the chamber roof was opened for short peri-
achieved by sampling from an,®s source. Like for the ods, in order to observe the photolysis of N@ther exper-
UCB-LIF instrument, the BOs mixing ratio is quantified by  iments were used to test instruments for potential artifacts
measuring the N@ but TMU-LIF makes use of its capability from water vapour (10 June) and aerosol exposure (15 June)
to detect NQ at the same wavelength as Bld’he accuracy or focussed on the investigation of VOC degradation bysNO
of this calibration procedure is 20 and 16 % for UCB-LIF and (isoprene: 18 June, butanal: 14 June, limonene: 16 Jmne,

TMU-LIF, respectively. pinene: 20 and 21 June). Each experiment was finished by
opening the roof, so that NDand NoOs were quickly de-
2.3 Experiments stroyed. A summary of the experimental conditions is given

in Table2. More details of the experiments are described by

Experiments were conducted in the atmosphere simulatioborn et al.(2012. Details and results of the VOC degrada-
chamber SAPHIR inillich, Germany. A description of the tion experiments are also discussedRullins et al.(2009
chamber and its properties can be found elsewhRodiler  andFry et al.(2009 2011).
et al, 2005 Bohn et al, 2005. The chamber offers the pos-
sibility to investigate chemical processes under atmospheric
conditions. Previous instrument comparison campaigns havg Results
shown that different instruments sample the same trace gas
and radical concentrations from different locations withinthe 3.1 Time series of NOs mixing ratios
chamber providing evidence that SAPHIR is suitable for this
type of experiments3chlosser et gl2007, 2009 Apel et al, Figure 1 shows the time series (time is given as UTC
2008 Fuchs et al.2009 20103b). throughout this paper) of MDs measurements for all exper-

SAPHIR consists of a double wall Teflon (FEP) film iments together with key parameters like Nand G. Mea-
of cylindrical shape (length 18 m, diameter 5m, volume surements are averaged to 1 min time intervals for the analy-
270 ). Slight overpressure prevents leakages of outside aisis shown here. All instruments measured the sum o NO
into the chamber. The chamber can be exposed to sunlight bgnd N>Os, but UCB-LIF, UAF-CRDS and NOAA-CRDS
opening its roof. For the purpose of this campaign, the shuttehad a second measurement channel to measugenhNXng

www.atmos-meas-tech.net/5/2763/2012/ Atmos. Meas. Tech., 5, 2763, 2012
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Fig. 1. Diurnal variation of NOsg mixing ratios (1 min average) and compounds which were of importance during the experiment (aero sfc:
aerosol surface concentration). p®ixing ratios be NOAA-CRDS were taken to calculate®d mixing ratios from the sum measurement

by MPI-CRDS, UCB-LIF, and TMU-LIF. The experiment on 18 June is divided into two panels, beca@grixing ratios were much
higher during the second part of the experiment. Yellow dashed vertical lines indicate opening or closing of the chambg ) ifs

not displayed.

ratios simultaneously. UAF-CRDS and NOAA-CRDS instru- the best data coverage over the campaign. However, re-
ments used their own N{measurements to calculate®s sults shown here do not depend on the choice of a partic-
mixing ratios. The NOAA-CRDS N@measurement, rather ular NO; measurement, because differences among the in-
than the UCB-LIF N@ measurement was used to subtrac- struments measuring NOwere rather smallorn et al,
tively determine NOs for UCB-LIF, because the NOAA- 2012. Moreover, NOs mixing ratios were typically two
CRDS instrument had significantly higher signal-to-noise into ten times larger than N O(Fig. 1), so that a potential
the NO; channel. In order to compare,8s from MPI- systematic error from the NODmeasurement is a somewhat
CRDS and TMU-LIF, also N@ mixing ratios measured by smaller contribution to systematic error ino®s. Data are
NOAA-CRDS are subtracted from the reported N€EN2Os excluded for the correlation and regression analysis during
mixing ratios. NOAA-CRDS measurements are chosen, berapid changes of the NOmixing ratio (for example dur-
cause this instrument had the highest precision and it haéhg roof-opening events), because the subtraction of slightly
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Table 2.Chemical conditions during experiments conducted during the NO3Comp campaign. Mixing ratios are maximum values during the
experiments.

Date NG/ppbv  OGsz/ppbv  NOz/pptv NoOs/pptv - HyOT%% Yo Experiment/test

9 June 4 120 130 350 ¢ 31-32

10 June 4 230 170 300 0.5 32-36 stepwise change of humidity

11 June 17 100 150 750 1.8 31-37 addition of ambient air

12 June 8 200 400 1600 € 30-31 short photolysis events

13 June 18 200 700 2200 € 29-31 short photolysis events

14 June 12 135 180 850 € 34-37 oxidation of butanal (max. 4 ppbv)

15 June 10 180 120 550 1.8 33-35 addition of inorganic aer@dél)oSOy)

16 June 38 60 55 1300 € 29-36 oxidation of limonene (max. 10 ppbv)
+CO (max. 500 ppmv)

18 June 33 60 150 1400 1.2 29-36 oxidation of isoprene (max. 10 ppbv)
+aeroso((NH4)2S0y)+CO (max. 500 ppmv)

20 June 75 100 400 10000 € 33-37 oxidation of-pinene (max. 20 ppbv)

21 June 70 165 110 6000 1.2 30-33 oxidatiosgdinene (max. 20 ppbv)

a mixing ratio; P inside the chamber arfano addition of water vapour.

asynchronous data from the two different instruments couldcontinued over night and on the following day,®§ mix-
introduce larger systematic errors in these periods. In theng ratios by both instruments agree again, when UAF-CRDS
MPI-CRDS instrument, the inlet transmission efficiency for measurements restart in the morning after a new filter had
NO3 of approximately 85 % was taken into account in the been put in the inlet. Another more general feature, which is
calculation of NOs mixing ratios. observed in the time series, is thag®§ mixing ratios mea-
The typical NOs time series (Figl) was characterised sured by UCB-LIF are often larger than those measured by
by increasing MOs mixing ratios after N@ and & were in- the CRDS instruments as can be seen, for example, on 12 and
jected into the chamber resulting from the slow oxidation of 20 June, when pDs mixing ratios by UCB-LIF are approxi-
NO, by Os. Without further trace gas additions or photolysis mately 30 % larger than those by the two CRDS instruments.
events, maximum pOs mixing ratios were reached after one
to two hours. In most of the experiments N@nd/or Qwere 3.2 Precision of measurements
added a second time, so that the production of@d N.Os

was further enhanced and a secongObl maximum was  \jeasurements before trace gases were added in the morn-
reached (e.g., on 9 June). The®¢ mixing ratio decreased at ing, when no NOs is expected to be present in the cham-

longer times for several reasons. All trace gases were diluteg)g, give the possibility to analyse the precision of mea-
by approximately 5 % per hour, because of the replenishmen{ ;e ments. Figur@ shows the distribution of “zero” mea-
of chamber air (see Section Experiments). Moreover, wallg;,,ements for UAF-CRDS. NOAA-CRDS. and UCB-LIF.
loss reactions limited the lifetimes of N@nd NoOs t0 ap- The number of measurements for MPI-CRDS and TMU-LIF,
proximately 0.5 and 4 h, respectively, When'noj\IGactant which measured pDs mixing ratios only during two exper-
or aerosol was preserkify et al, 2009. During other ex-  jnents, was too small for this analysis. A Gaussian function
periments, N@ was removed in the chamber by the reaction js fitted to the distribution, in order to determine its width
with VOCs (16, 18, 20 and 21 June) or by photolysis. ThiS 5nq centre. The centre gives the bias in the zero measure-
led also to a fast decrease of the@4 mixing ratio due 0 ments, which is much smaller than the width of the dis-
the establishment of the equilibrium. In additioa®é can  yipytion for all instruments, demonstrating that there is no
be directly lost by heterogeneous hydrolysis. _ significant systematic deviation in the measurements from
The NoOs time series measured by the different instru- ;o1 The width of the distribution is a measurement of the
ments exhibit an overall good agreement with the exceptionnsirument precision (at their time resolution): UAF-CRDS
of the second part of the experiment on 15 June, when amq 4 pptv (1 to 2's), NOAA-CRDS 1.6 pptv (1.0s), UCB-LIF
monium sulfate aerosol was present in the chamber. Resultg pptv (300's). These values can be compared to the a priori
of this experiment will be discussed in detail in the next SeC-precisions, which are given by the reported measurement er-

t?on. Larger differences are also observed on 1_6 June. DevVidrgrs The mean of error bars is plotted in Rt the position
tions between NOAA-CRDS and UAF-CRDS increase OVer o the width of the distribution. For UCB-LIF and NOAA-

the course of the experiment (maximum 30 %) before UAF-crpS| the mean of measurement errors agrees with the
CRDS measurement stop at midnight. No otheObimea- yiqih of the distribution, whereas it is approximately 50 %

surement is available for this period. The experiment wasigrger than the mean of errors for UAF-CRDS. This indicates
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o . [UCBoLF T e UAF-CROS NOAA_CRDS within the combined & accuracies of both instruments and
£ ;'g =M the intercept is below theol precision of the UCB-LIF in-
;O's I I strument (Tablel). The slope for individual experiments
: 04 | | | ranges from 0.97 to 1.35, with the exception of the experi-
3 02 : : : ment on 9 June, when theoNs mixing ratio was close to
0.0 I | | the limit of detection of the UCB-LIF instrument. The sum

-100 0 100 -S> 0 5 =S 0 5 of squared residuals is within the range of the number of data
N0y / pptv N;0s / pptv N,Os / pptv . 2 . . . . . .
points (x</(N —2) in Table3) indicating that the relationship
Fig. 2. Distribution of NbOs measurements during times, when in- of data is consistent with a linear behaviour within the er-
struments sampled zero air from the clean chamber, before traceors. Differences, which are observed between UCB-LIF and
gases were injected. Only UCB-LIF, UAF-CRDS and NOAA- NOAA-CRDS (e.g., 20 June), are often similar to the dif-
CRDS provided a sufficiently large number of data points for this ferences between UCB-LIF and UAF-CRDS (FI9. This
analysis. Data are fitted to a gaussian distribution, whose Widﬂbuggests day-to-day variability of the sensitivity of the LIF
(£10) is compared to the mean of the measurement ertofs )). instrument
The slope of the regression between UAF-CRDS and
NOAA-CRDS is 1.18 and 1.24 for the entire dataset and
that the precision is well-represented by the reported erroraill N,Os data below 2 ppbv, respectively. Because of the
for UCB-LIF and NOAA-CRDS, but is underestimated for high precision of measurements by both instruments, a clear

UAF-CRDS measurements. change in the agreement between both instruments can be
seen over the course of an experiment on 15, 16 and 18 June
3.3 Regression analysis (Fig. 3), when also the slope of the regression yields largest

differences from unity. These deviations from a single lin-
The agreement between measurements (1 min average) aear relationship between data is also reflected by the large
analysed more quantitatively by a correlation and regresvalues of squared residuals divided by the degree of free-
sion analysis, for which NOAA-CRDS measurements aredom. Because the reported error bars are within the preci-
taken as reference. However, the results shown here are irsion of data (Fig2), this behaviour is most likely caused by
dependent of the choice of the reference. The linear regresaccuracy problems over the course of an experiment as dis-
sion takes measurement errors of both coordinates into accussed below. Furthermore, the relationship between UAF-
count (FITEXY procedure irPress et al.1992 pp. 274— CRDS and NOAA-CRDS becomes nonlinear with increas-
276). The correlation between measurements is generalling NoOs mixing ratios larger than 2 ppbv (Fig), when
very high as indicated by the squared linear correlation coefNOAA-CRDS values are significantly larger than those by
ficients. For the entire dataset? is 0.98, 0.99, and 0.99 for UAF-CRDS. However, these data points were collected dur-
UAF-CRDS, UCB-LIF, and MPI-CRDS, respectively (Ta- ing only two periods on the last two days.
ble 3). Squared linear correlation coefficients for single ex- Measurements between MPI-CRDS and NOAA-CRDS
periments are within this range with two exceptions. (1) Ondeviate on 15 June (slope of the regression 0.8, Tabhs
the first two experiment daysJ®s mixing ratios were close expected from the worse correlation, but agree on 18 June
to the precision of the UCB-LIF instrument (maximum®b (slope of the regression 0.9) within the accuracy of measure-
mixing ratio of 350 pptv), so that a worse correlation is ex- ments. The agreement between TMU-LIF and NOAA-CRDS
pected. (2) As observed in the time series, measurements reasonable (slope of the regression 1.1, T8pkonsider-
disagree on 15 Jun&kf is 0.72 and 0.87 for UAF-CRDS ing the noisy data of the TMU-LIF instrument (Figsand
and MPI-CRDS, respectively). The low performance of the 3). The poor performance of the LIF laser is reflected by the
TMU-LIF instrument resulted in a smaller linear correla- large error bars of the TMU-LIF measurements and does not
tion (R?2 = 0.74) between NOAA-CRDS and TMU-LIF data allow any further conclusions about the TMU-LIF instrument
compared to the correlation between the other instruments. from this campaign.

Maximum NOs mixing ratios were variable between dif-

ferent experiments ranging from 300 pptv to 10 ppbyOsl
mixing ratios were less than 2 ppbv for the majority of ex- 4 Discussion
periments (except on 20 and 21 June), similar to the range
of N2Os reported from field intensives in the ambient atmo- 4.1  Correction for filter aging of measurements

sphere. Therefore, Fi§.shows the correlation between mea- by UAF-CRDS
surements for all data below 2 ppbv and the entire dataset.
Results of the regression analysis are given in Table The agreement between UAF-CRDS and NOAA-CRDS

The slope of the regression between UCB-LIF andchanged over the course of the experiment on 16 June which
NOAA-CRDS is 1.26 for the entire dataset and 1.18 for was continued over night and the next day (see above). This
the data subset below 2 ppbv. The deviation from unity isbehaviour can be explained by the correction of data, which
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Table 3. Results of the linear regression analysis betweg®d\data taking NOAA-CRDS as reference €lope,b: intercept,RZ: squared
2
correlation coefficient:X—: sum of squared residuals divided by the degrees of freedbmumber of data points). Data are averaged to

elation N2
1 min time intervals.
UAF-CRDS UCB-LIF
Date a blpptv  R? Nx—fz N a blpptv  R? Nx—fz N
9 Juné 1.008+0.001 —0.3+0.3 0.99 18 239 ®74+0.06 2312 0.63 2 45
10 Juné 1.137+0.001 —4.84+0.2 0.99 15 297 16+0.07 —73+10 0.74 2 51
11 June (B30+0.001 —54+0.6 0.99 29 273 ®7+0.03 —-26+9 0.91 4 40
12 Juné 1.019+0.001 —-3.6+0.3 0.99 10 281 B5+0.01 H7 0.98 3 65
13 Juné 0.9064-0.003 11+0.9 0.99 5 81 118+0.01 —70+£16 0.98 6 23
14 Juné 1.001+0.002 —7.1+£0.7 0.99 8 360 15+0.02 —-19+8 0.97 2 81
15 June ®68+0.006 —16.3+0.3 0.72 280 351 D54+0.03 —13+7 0.90 2 69
16 June 1308+0.001 —9.6+0.6 0.99 86 1126 D1+0.04 148 0.89 2 49
18 June 1213+0.002 —5.6+0.3 0.99 38 715 105+0.01 —-8+4 0.98 2 146
20 June ®76+0.001 —-3+8 0.97 130 456 B01+0.004 —1174£15 0.99 15 80
21 June 1049+0.001 —9+2 0.99 42 476 2244+0.005 —268 0.99 3 82
comb. all 1180+0.001 —-554+1.2 098 258 4646 1260+0.002 —4442 0.99 6 731
comb. (< 2ppbv) 12390001 1141 095 198 4163  178+0.006 _2742 094 4 622
comb* 1.015+0.001 —-1.0+0.6 0.99 20 1258 12584+0.007 —-45+3 0.96 6 265
MPI-CRDS TMU-LIF
Date a blpptv  R? NX—_ZZ N a blpptv  R? NX—_ZZ N
15 June B03+0.002 —-19.0+0.6 0.87 110 180
18 June ®00+0.001 Q1+0.8 1.00 2 123
20 June 12+0.4 —954+1500 0.75 0.1 46
21 June 0r+0.4 —200+£1000 0.85 4200 39
comb. all 0880+0.001 -10.84+0.4 099 112 303 1+0.3 —300+900 Q74 0.1 85

* No aerosol addition or significant formation.
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Fig. 3. Correlation between pD5 data from UAF-CRDS, MPI-LIF and TMU-LIF taking $O5 by NOAA-CRDS as reference. The range
of NoOg mixing ratios is limited to 2000,pptv in the upper panels, becaug@sNnixing ratios were below this value during most of the
experiments. Solid black lines give the results of the regression analysis.
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Fig. 4. Time series and correlation 05 measurements by UAF- £ig 5 statistical analysis of the relative difference of® mea-
CRDS and NOAA-CRDS on 16 and 17 June (limonenegNO  syrements between UAF-CRDS, UCB-LIF instruments and NOAA-
UAF-CRDS data are either plotted as reported or without a Cor-crRps (AN,0s = N,Os — N,Os(NOAA)) depending on the water
rection factor, which was originally applied to account for an in- yapour mixing ratio on 10 June (maximum relative humidity 40 %).
creasing MOs loss on the filter over time (Tabl. The filterinthe  The water vapour mixing ratio was increased in several steps, which
UAF-CRDS was exchanged in morning of both days before mea-orrespond to the boxes shown here. Dots are medians and boxes
surements started. Solid lines in the correlation plot show resultsyive the 25 to 75 percentiles of the distribution.

from the regression analysis.

As seen in the time series and correlation plot UAF-CRDS

was applied to the UAF'CRDS measurement to account for Fneasurements are smaller for very larggOlyl mixing ratios
decrease of the #0s inlet transmission efficiency (TablB. up to 8 ppbv on 20 and 21 July. The exact reason of the de-

The long duration of the experiment allowed to test the Va- L Leased agreement is not clear.
lidity of the correction, because small errors in the correction
accumulated over time (23 % over 18 h measured by UAF-4 o
CRDS on 16 June). Figureshows the time series and cor-
relation between UAF-CRDS and NOAA-CRDS for this ex- The experiment on 10 June was dedicated to investigate po-
periment with and without the correction of the UAF-CRDS tential interferences from water vapour in thed$ measure-
data. The large difference between measurements by both inments. The water mixing ratio was increased in four steps
struments in the evening becomes much smaller, if the COI'up to near|y 1.2 %. Artifacts due to water vapour could be
rection is not applied. This is even more obvious in the cor-caused by its absorption at 662 nm, where the CRDS instru-
relation plot, which clearly shows that uncorrected data arements probe the N@absorption. Figuré shows a statistical
grouped around one line. In contrast, data which include theanalysis of the relative difference between UAF-CRDS and
correction factor are split into several sub-datasets, which exyCB-LIF and NOAA-CRDS (MPI-CRDS did not measure
hibit different, partly nonlinear relationships. The correction N,Os during this experiment). Values below 0.5 pptv are ex-
is based on several tests of the inlet transmission efﬁCienCthed_ Dots are median values and boxes give the 25 and 75
(see instrument description above) over 25 h, which show gercentiles of the distribution. No systematic change in the
decrease of 1.3% per hour. It was assumed that this obsefelationship between measurements with increasing water
vation is a general behaviour of the filter in the inlet, which vapour (up to a mixing ratio of 1.2 % and relative humidity of
was exchanged once a day before an experiment started. Th® o) in the chamber is observed, indicating that instruments

UAF-CRDS choice of a single time-varying filter degrada- did not suffer from an interference by water vapour.
tion model was made because this is the standard operational

method for a field campaign for this instrument and, thus, it4.3 Influence of inorganic aerosol
was applied consistently across the full dataset before data
were compared. In a typical field campaign, it is uncommonMeasurements between instruments strongly deviate during
to have high NQ pollution without particles on some days the experiment on 15 June, when inorganic aerosol (am-
and with large particulate loading on others, which was themonium sulfate) was injected into the chamber starting at
design of the comparison experiments. Therefore, the overl0:45UTC. A similar statistical analysis as for water vapour
correction of UAF-CRDS inlet transmission data on someis shown in Fig.6 for aerosol surface concentration dur-
days and undercorrection on others is probably amplified bying this experiment. Whereas a strong increase in the dif-
the experimental design. This amplification clearly exposeserence between NOAA-CRDS and MPI-CRDS and UAF-
the problem of using filters for long periods of time and use CRDS, respectively, is observed with increasing aerosol sur-
of a single linear filter degradation model under conditionsface concentration, the relationship between NOAA-CRDS
where the ratio of aerosol loading to M@ollution is highly ~ and UCB-LIF is independent of the aerosol surface concen-
variable. tration. This is also seen in the time series in Hig.
The filter in the inlet system of the NOAA-CRDS was au-
tomatically exchanged every 45 min on this day. There are no

Influence of water vapour
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Fig. 6. Statistical analysis of the relative difference ob®§ 200 f“‘ 2
measurements between UAF-CRDS, MPI-CRDS, UCB-LIF instru- 100 g
ments and NOAA-CRDS depending on the aerosol surface concen- 0 ©

tration during the experiment on 15 June, when ammonium sulfate

aerosol was injected into the chamber. Dots are medians and boxes

give the 25 to 75 percentiles of the distribution. Fig. 7. Comparison of measurecb®s mixing ratios to calculations
assuming thermal equilibrium between jl@d NbOs on 15 June
when ammonium sulfate aerosol was injected into the chamber.

discontinuities in the BOs mixing ratios before and afterthe N20s was either calculated from NOmeasurements from the

filter change. Therefore, it is unlikely thab®s loss on the ~ UAF-CRDS or NOAA-CRDS instrument.

filter after 45 min of aerosol exposure affected the measure-

ments. Also the agreement with measurements by the UCB

LIF instrument, which did not have a filter in the inlet sys-

tem, supports that there are no significant unacCOuUn#®%N i ants | the presence of large amounts of aerosol, calcu-

losses in the NOAA-CRDS measurements. lated NoOs mixing ratios using NOAA-CRDS N@are con-
Assuming that NOAA-CRDS and UCB-LIF measure- gistent with measurements by NOAA-CRDS and UCB-LIF.
ments do not suffer from other artifacts in the®§ mea- NOs mixing ratios measured by NOAA-CRDS were 15 to
surements, the strong increase of the relative difference. b0 04 smaller compared to measurements by the other instru-
tween NOAA-CRDS and UAF-CRDS and MPI-CRDS iS mants during the first part of the experimeBtogn et al,
most likely caused by a degradation of their inlet transmls-2013, but agree at later times, so that the loweQ calcu-
sion efficiencies with increasing aerosol exposure. This couldataq from thermal equilibrium using Nby NOAA-CRDS
be related to the more infrequent filter changes. In the UAF+g 1,05t likely due to an under-prediction of N®y NOAA-
CRDS instrument, one filter, which was inserted in the morn-crps | contrast, calculatecbRs using UAF-CRDS NQ@
ing, remained in the instrument over the course of the eXyg \yithin the range measured values during the first part
periment. The filter in the MPI-CRDS instrument was eX- ¢ the experiment, but measureg®s by UAF-CRDS and
changed in the morning and around 13:15 UTC for a seconqp|_.crRDS is much lower than calculated Gk by NOAA-
time. Although the difference of MPI-CRDS measurements sppg or UAF-CRDS, when ammonium sulfate was present.
to NOAA-CRDS and UCB-LIF is slightly smaller after the i comparison to equilibrium indicates that there asON

filter change, a large difference persists. The filter in the MPI-|yccos in the inlet system of UAF-CRDS and MPI-CRDS in-
CRDS instruments was placed upstream of the heated part Qfyryments during this period.#0s mixing ratios which are

the inlet, in which NOs is thermally decomposed, but there (- 1ated using UAF-CRDS N@are approximately 20 %
was still a 50 cm PFA tubing between the filter and the sam-g511er than those using NOAA-CRDS NOThey are in-
pling pointin the chamber. Because the filter change does not,sistent with any of the #Ds measurements.

lead to the full recovery of the inlet transmission efficiency,  payiations between the NOAA and UAF instruments on
this inlet tubing is most likely responsible for a major part of 4 gther day with inorganic aerosol addition (18 June) also
the N;Os loss. The inlet line of the NOAA-CRDS upstream  gpqveq evidence for #Ds loss in the instrument without a

of its filter was also nearly 40 cm long, so_that a s.|m|lar ef- frequent filter change. Again, 405 mixing ratios by UAF-

fect could _bg expected. However, the re&de_ncg time of th@srRps were smaller than those by NOAA-CRDS after ex-
sampled air in the NOAA-CRDS instrument is significantly posyre to aerosol, but measurements by both instruments

shorter than that in the MPI-CRDS instrument. _ agreed later, when the aerosol surface concentration was low.
If NO3 and N Os are in a thermal equilibrium, §0s mix-

ing ratios can be calculated by Ed)(These can be com-

pared to the LIF and CRDS measurements for an indepen4 4 Influence of organic aerosol

dent consistency check. Calculated®d mixing ratios are

shown in Fig.7 using NG measurements from a chemi- Figure 8 shows the correlation between all measurements
luminescence detector, the measured temperature inside tltkiring the campaign divided into subsets, when either no
chamber and N® measurements by either UAF-CRDS or aerosol was injected or formed, mostly inorganic aerosol was
NOAA-CRDS. During the first two hours after the injection present, or secondary organic aerosol (SOA) was formed

10:00 12:00 14:00 16:00

of NO2 and G (no aerosol present), the calculategty us-
ing NOAA-CRDS NG slowly approaches pOs5 measure-
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20007 T T T 5 significant NOs loss in the inlet of instruments. This is con-

% ?n%,g?fggsgso, ‘a sistent with investigations of theA0s uptake coefficient in

org. aerosol g A8y the laboratory, which show that thex8s uptake on organic
o aerosol can be much smaller than on inorganic aeré&sdk{

ers et al.2003 Bertram and Thorntqr2009.
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5 Summary and conclusions
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The NO3Comp campaign brought together a large set of in-
struments, which are capable of detecting atmospherig NO
and NOs, for the first time. Eleven experiments under a vari-
ety of conditions were carried out in the simulation chamber
SAPHIR in dilich, Germany, in summer 2007. All instru-
ments detected MDs indirectly after thermal decomposition
to NOs, which was either detected by absorption or fluores-
cence, so that the sum of N@nd N>Os mixing ratios was
measured. Two CRDS instruments were equipped with sep-
arate measurement channels for simultaneous measurements
of NO3 and NG + N2Os mixing ratios. NOs mixing ratios
of the other instruments were calculated by subtracting NO
measurements from a different instrument. HowevelQN
mixing ratios were typically larger than NCand the dif-

o 506 1000 1500 5060 ferences between measurements from different mstrun_"nents

[N,05] (NOAA) / pptv were small, so that the results do not depend on the choice of
the NO; measurement.

Fig. 8.Correlation between pOs data from UAF-CRDS, UCB-LIF The main results of the comparison of@ mixing ratios
and NOAA-CRDS depending on the presence and type of aerosahire:
during an experiment. TMU-LIF and MPI-LIF are not shown, be-
cause instruments measured only on two days @jigSolid lines — There is a good agreement between measurements by
and coloured labels give the results of the regression analysis forthe  all instruments within their accuracy.
different data subsets. The relationship between NOAA-CRDS and
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1500
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500

[N;0s] (UCB) / pptv

UAF-CRDS for inorganic aerosol (upper panel) falls into two parts ~ — The precision of the measurements is in the low pptv
because of the increasing deviation between measurements with in-  range for CRDS instruments (at time resolutions be-
creasing aerosol burden. tween 1s and 20 s) and 37 pptv to 63 pptv (at a time res-

olution of a few minutes) for the LIF instruments. These

are well represented by the a priori estimated standard
during VOC oxidation experiments (see Tallp The re- deviations (precision).
lationship between UCB-LIF and NOAA-CRDS measure-
ments does not depend on the presence of aerosol, consistent— The largest uncertainty in the measurements results
with the results discussed above. In this plot, UAF-CRDS ~ from unaccounted changes in the® inlet transmis-
data are shown without the correction, which was originally sion efficiency.
applied to account for a degradation of the inlet transmission
efficiency (see above). Without this correction the data dis-
tribution becomes narrower around a line compared to the
distribution with the correction shown in Fi@. Only the
data subset that includes data when inorganic aerosol was _ There is no general correction that can be applied to ac-
present, still exhibits large deviations between UAF-CRDS
and NOAA-CRDS, most likely becausex@s is lost in the
inlet system. In contrast, the difference between the data sub-
set when no aerosol and SOA was present is small. The ab- The strong degradation of inlet transmission efficiencies
solute agreement of measurements is within the range of thafter exposure to ammonium sulfate aerosol observed here
accuracy of instruments in these cases. Although the SOAuggests that it is necessary (1) to place a filter close to the
surface concentration was within the range of values reachedp of the inlet line and (2) to exchange the filter regularly
during experiments with inorganic aerosol (partly at simi- on the time scale of hours. This was also shown in labora-
lar relative humidity), exposure of SOA did not lead to a tory investigations for the NOAA-CRDS instrumeniuchs

— The NOs inlet transmission efficiency can degrade
quickly in the presence of aerosol on which®§ is
taken up.

count for a changing pDs inlet transmission efficiency
over time.
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