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Abstract. This study presents a chemical ionization massical analysis of aerosol composition also showed that newly
spectrometer (CIMS) for fast response, in-situ measurementrmed atmospheric aerosol particles indeed contain ammo-
of gas phase ammonia (NH The NH; background level  nium (NH}) and sulfate (S§T) along with other compo-
detected with the CIMS ranged between 0.3-1 ppbv, with aments (Smith et al., 2005). Laboratory nucleation observa-
uncertainty of 30 pptv under optimized conditions. The in- tions (Ball et al., 1999; Benson et al., 2009) further demon-
strument sensitivity varied from 4-25 Hz/pptv ferl MHz strated that NH can enhance sulfuric acid and water homo-
of reagent ion signals (protonated ethanol ions), with a 30%geneous nucleation (Merikanto et al., 2007).

uncertainty estimated based on variability in calibration sig- Sources of NH stem mostly from anthropogenic emis-
nals. The CIMS detection limit for Nglwas~60 pptv at a  sions such as livestock excrement, biomass burning, fertil-
1 min integration time (3sigma). The CIMS time responseizer application, and automobile emissions (Schlesinger and
was <30s. This new NHB-CIMS has been used for ambient Hartley, 1992; Dentener and Crutzen, 1994; Fraser and Cass,
measurements in Kent, Ohio, for several weeks throughoul998; Kean et al., 2000; Moeckli et al., 2004; Clarisse et
three seasons. The measuredgMhixing ratios were usually ~ al., 2009). Tropospheric NHmixing ratios ([NH]) range

at the sub-ppbv level and higher in spring (20020 pptv)  from several pptv up to several hundreds ppbv and some-
than in winter (6Gt 75 pptv) and fall (15& 80 pptv). High  times even up to several hundreds ppmv levels (Gilliland et
emissions of S@from power plants in this region, and thus al., 2003; Huai et al., 2003; Herndon et al., 2005; Li et al.,
possible high acidity of aerosol particles, may explain these2006; Nowak et al., 2007), depending on the proximity to
low NH3 mixing ratios in general. emission sources, altitude, and acidity of aerosol particles
present in the atmosphere. Since even sub ppbv levels of
[NH3] may be responsible for nucleation events observed in
certain atmospheric conditions (Gaydos et al., 2005; Jung et
al., 2008) and because nucleation occurs rapidly, it is impor-

Ammonia (NHj) is prevalent in the atmosphere and servest@nt to develop a technique capable of measuring lowgNH
as the principal basic gas phase species.3 K&h control with a f_ast time response, so tha_t we can |d§nt|fy the role
the acidity of atmospheric aerosols and in turn, change th@f NH3 in aerosol nucleation from in-situ real-time observa-
chemical composition, reactivity, hygroscopicity, and opti- 1ONs. -

cal properties of aerosol particles. Atmospheric observations Reliable measurements of NHare difficult, because of
(Weber et al., 1998; McMurry et al., 2005) and aerosol mi- different forms present in the atmosphere, for example,
crophysical modeling simulations (Stanier et al., 2004; Gay-gaseous N, particulate NI (found in compounds such as
dos et al., 2005; Lucas and Akimoto, 2006; Jung et al.,(NH4)2SOs, NH4HSOy, and NHNOs), and liquid NHOH.
2008) have suggested that Blidan be important for atmo- NH3 is also a very sticky molecule, so when even extremely

spheric nucleation on the global and regional scale. Chem¢lean air is introduced into the sampling inlet, there are al-
ways substantial Ngisignals (background signals) due to

adsorption and desorption of NHbn various surfaces; and,

Correspondence tdS.-H. Lee the instrument detection limit is ultimately dependent on the
BY (slee19@kent.edu) background signals. The instrument time response is also

1 Introduction
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Fig. 1a. The NHz-CIMS system consists of the following three parts: (i) a sampling inlet used for ambient, background and calibration mea-
surements, (ii) the CIMS flow reactor where ion-molecule reactions occur, and (iii) the vacuum regions of the mass spectrometer including
a collision dissociation chamber (CDC), an octopole ion guide, a quadrupole mass filter and a channeltron detector.

affected by adsorption and desorption of Nbh the inlet Recently, chemical ionization mass spectrometers (CIMS)
and instrument surfaces. Uncertainties in the background anave been used for fast time resolution detection forsNH
calibration measurements also need to be addressed for th{plowak et al., 2006, 2007; Norman et al., 2007; von Bo-
accurate detection of Ngd brutzki et al., 2010). These instruments were used in both
Different measurement techniques have been developedyround-based (Nowak et al., 2006; Norman et al., 2007; von
including citric acid denuder/ion chromatography (Ferm Bobrutzki et al., 2010) and aircraft studies (Nowak et al.,
et al., 1988; Fehsenfeld et al., 2002), molybdenum-oxide2007). A summary of NB-CIMS from these pre-existing
converter-difference (Langford et al., 1989), tungsten ox-techniques is given in Table 1 and will be discussed in de-
ide denuder (Lebel et al., 1985), photofragmentation/lasetail in Sect. 5 in comparison with our CIMS. The major ad-
induced fluorescence (van Dijk et al., 1989), and filter- vantage of CIMS, compared to other techniques, is fast time
pack/colorimetry (Quinn and Bates, 1989). The citric acid response <1 min). On the other hand, the lowest reported
denuder/ion chromatography technique is the most combackground in CIMS is only about a few hundred pptv and
monly used method, as this technique has a high accuracthe stability of the background can be poor (Nowak et al.,
(within 10%), a simple system, a low cost as well as a2006).
low detection limit for the chromatographic system (as low The present study describes a CIMS instrument for in-situ
as 25pptv) (Fehsenfeld et al., 2002). For these reasons, NH3 detection. Our focus is to address these technical issues
has also served as the standard method to which the othéncluding the instrument background, calibration and time
techniques are judged, but the time resolution is poor (e.g.response. We also include the seasonal variation of KH
2h sampling period) (Schwab et al., 2007) have also disKent, Ohio (a relatively less polluted US Midwestern town)
cussed several different methods of Nideasurements, such in this study to demonstrate the instrument capability for at-
as ion mobility spectrometer, tunable diode laser absorpmospheric observations. The purpose of measuring atH
tion spectrometer, long path absorbtion photometer, wet efthis site is to understand the NHffects on aerosol nucle-
fluent diffusion denuder and chemiluminescence analyzeration, but the influence of Niland sulfuric acid (HSOy)
While most of these instruments have a low detection limiton aerosol abundance is discussed elsewhere (Erupe et al.,
(<200 pptv) with 1 min integration time, some of the instru- 2010). In an additional paper (Kanawade et al., 2010, Ob-
ments also have a slow response time. More recent methservations of ultrafine particle sizes, sulfuric acid, and am-
ods include Quantum Cascade Tunable Infrared Laser Difmonia in the Michigan Forest during the PROPHET 2009
ferential Absorption Spectrometer or QC-TILDAS (Ellis et CABINEX mission, in preparation; hereinafter referred to as
al., 2010), Gradient of Aerosol and Gases Online RegistraKanawade et al., 2010), we also show the inter-comparison
tor (GRAEGOR) (Thomas et al., 2009) and Infrared Atmo- results of NH instruments in the Michigan forest, with a
spheric Sounding Interferometer Spectrometer or IASI Speciarge number of gas phase species and aerosol measurements.
trometer (Clarisse et al., 2009).
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Fig. 1b. A schematic diagram of the inlet of KSU NHCIMS used in the fall 2009 measurements. The air entered through an inlet port

(11 slpm) and traveled through a PFA tee. The air flowed either directly through a 3-way PFA valve (measurement mode, orange arrow)
or through an NH scrubber and into the PFA valve (background mode, blue arrows). Calibration gases were introduced to the CIMS inlet
system at the downstream of the 3-way valve. An additional flow (100 sccm) @fades was also brought to the calibration system to

mix with the standard Nklgases, to increase the time response with a high flow. This time response was affected by both the flow rate of
gases and the dead volume (shown in the grey shaded area; estimated to b® @thmtubing. When taking ambient or background
measurements, the added calibration gases were removed by the suck back flow through a solenoid valve (red arrow), to reduce perturbatio
of flow. During the calibration, this solenoid valve was closed, so that calibration gases were introduced into the CIMS inlet system (green
arrow).

2 Instrument We also note that our CIMS is designed to measure gas
phase NH, as opposed to NP present in solid or liquid
The NH;-CIMS consists of the following three parts: (i) a aerosol phases. This is because CIMS techniques in princi-
sampling inlet used to perform ambient, background and calple are based on gas phase ion-molecule reactions (e.g., Re-
ibration measurements, (ii) the CIMS flow reactor where ion- action 1 in Sect. 2.3). To detect aerosol phasqu,\lﬂyipically,
molecule reactions take place, and (iii) the vacuum regiongerosol particles must be first deposited for a substantial pe-
of the mass spectrometer including a collision dissociationriod to collect a sufficient volume of aerosol phase ;NH
chamber (CDC), an octopole ion guide, a quadrupole masgyhich are then vaporized into the gas phase by thermal des-
filter and a channeltron detector (Fig. 1a). The third partorption or laser ablation for further ionization. But this is
of the CIMS (vacuum region) is similar to that of the Geor- not the case for our CIMS which ionizes only gas phase NH
gia Tech NR-CIMS (Nowak et al., 2006, 2007) and of the molecules using protonated ethanol ions (Sect. 2.3).
H2SOs-CIMS described elsewhere (Eisele and Tanner, 1993; There is also the possibility that volatilization of ammo-
Slusher et al., 2004; Benson et al., 2008; Young et al., 2008)njum nitrate (NHNOs) from various surfaces of the instru-
The CDC and octopole ion guide dramatically improve the ment can contribute to the measured Nidn signals, but
cleanness of ion mass spectra and the instrument sensitivit)he volatilization is usually negligible for temperatures un-
(Fig. 1a) (Sect. 2.3). This is one of the major advantages ojer 50°C and residence times (in the inlet) less than 0.05 s
our CIMS, along with some NHCIMS instruments (NOWak (Neuman et a|_, 2003) Because our temperaturé@&vag
et al., 2006, 2007), compared to a number of other CIMS|ower than this and inlet residence time (0.068 s) was compa-
instruments currently used for atmospheric observations ofap|e, there should not be any bias in the signal due to volatile
various trace gas species. Below, we only describe the inleH;~ aerosol. Another study (Fehsenfeld et al., 2002) also
and the ion-molecule reaction region (Sects. 2.2.and 2.3).  confirmed that NH volatilization in mass spectrometer sys-
tems is limited for time scales less than one second. As will
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Table 1. A summary of NH-CIMS instruments found in the literature, with regard to sampling inlet and CIMS detection conditions.
Included here are the configuration of the 3-way valve used to switch between the ambient and calibration mode; temperature, flow rate, total
length and inner diameter of the sampling inlet; residence time for ambient measurements through the inlet; pressure and residence time ir
the CIMS flow tube reactor; the reagent ion used for analysis; sensitivity, background, and time response of the CIMS instrument.

Reference 3-way valve Inlet Inlet Flow Rate  Inlet Inlet Inlet
Configuratiod TemperaturedC)  (slpm) Length 1.D. Residence
(cm) Time (ms)
Nowak et al. (2006) Straight 50 4 45 0.4,0.64 200
Nowak et al. (2006) Straight 40 13.6 40 0.65 50
Nowak et al. (2007 Straight 30 8 55 0.4,0.8 190
Norman et al. (2007‘) NA NA 15 1700 1.27 NA
von Bobrutzki et al. (2016) NA 40 195 10 0.95 NA
This study Bent 39 5.2-15 100 04 6&
Reference CIMS CIMS Reagent Sensitivity Background CIMS Time
Flow Tube Flow Tube lon (Hz/pptv)  (ppbv) Response to
Pressure Residence Calibration
(torr) Time (ms) Gases (s)
Nowak et al. (2006) Atmospheric Pressure  NA GEH,OHHT 1 0.1-1 10
Nowak et al. (2006) 20 20 CHCH,OH-HT 40 1-2 45
Nowak et al. (200 18-22 95-160 CBCOCHz-HT  2.6-5 0.5-1.3 5
Norman et al. (200%) 1.5 0.100-0.15 g) 0.04 0.07-0.47 30
Bobrutzki et al. (201 NA NA H*t(C3Hg0) 25 0.045 NA
This Study 20-25 25-40 CHCH,OH-H+  4-25 0.3-1 40

2 This early version of NOAA-CIMS was used in Atlanta, GA during August 2002 for the Aerosol Nucleation and Real-Time Characterization Experiment (ANARChE). Mea-
surements were performed at an urban site 2m above the groundleTbk Georgia Tech-CIMS was also used for the ANARChE and intercomparison with the early version

of NOAA-CIMS was made.° This upgraded NOAA-CIMS for aircraft measurements was used in the New England Air Quality Study—Intercontinental Transport and Chemical
Transformation (NEAQS-ITCT) missiorl The CIMS instrument was used at 1.2 m above a grass field treated with fertilizer in Oensingen, SwitfelaisdCIMS instrument

was used in southern Scotland during the intercomparison experiments with a large numbgriltnsﬁlnxlhfnents.f The KSU-CIMS was used in ambient Nhheasurements in Kent,

Ohio (this study) and in Northern Michigan forests in summer 2009 (Kanawade et al., 8®tfaight sampling occurred when the flow path from the tip of the inlet (where ambient

air enters) through the 3-way valve and to the CIMS was all straight and no bending occurred. Bent sampling occurred when the ambient air enters the 3-way valve perpendicular to
the flow that went into the CIMS as shown in Fig. ineating was only performed for the fall measuremehts00 cm was the total length when taking ambient measurements
(including the depth of the wall, 50 crﬂ).This time was estimated based on the flow rate through the inlet and the inlet tubing dimensions (inner diameter anfl Regjtence

time for the ambient measurement mobi@his time was estimated based on the flow rate through the CIMS flow tube and the CIMS inlet dimensions (inner diameter and length).

be discussed in Sects. 3.2 and 3.3, we also did not see arfgr several weeks covering three seasons starting from
temperature dependences of the instrument background anginter of 2008 to fall of 2009. Kent is a small college
sensitivity, and this proves that NHrtifacts from vaporiza- town with a population of about 30000 located in North-
tion of NHI decomposition from the aerosol phases wereeastern Ohio. Kent is relatively rural itself, but is also
not significant. While we tried to minimize the effects of surrounded by three urban cities, about 60km southeast
volatilization of NH;NO3 from surfaces by heating the in- of Cleveland, about 30km east of Akron, and about
let system, we also made frequent background measurement®0 km west from Youngstown. The weather in Ohio is
(Sect. 3.2), which ultimately reduces the effects of these arespecially humid in summer. Northeastern Ohio is also

tifacts NHg signals. known for its haze and gray colored sky in winter due to
high emission of S@ from coal burning power plants in
2.1 Measurement site this region [ttp://www.epa.gov/cgi-bin/brokerService=

airdata&program=progs.webprogs.emisumry.sa&bug=
2&geotype=st&geocode=0OH&geoname=0hio&epolmin=
P&epolmax:.&epoI:SOZ&sic:&netyr:2002&geofeat:
&mapsize=zsc&reqtype=getmpap Ohio is also one of the

The ambient measurements were performed from the to
floor of Williams Hall (15m above the ground level) at
Kent State University in Kent, Ohio (41.18, 81.36 W),
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states that currently suffer from air pollution problems, o — L oo
oy . . . . 3 —— Backgroun 2HsOH),| E
failing to attain the US National Air Quality Standards J o ANt o ppy alibraton ges (CaHeOMH @3s) |
(NAAQS) for ozone and PWs (particulate matter smaller I

than 2.5 pm)Ifttp://www.epa.gov/air/airtrends/pm.himl 105,; (C:HOMHa7) ,

2.2 Inlet: Background, ambient and calibration mode (CHLOMNH, (6

Our inlet system was based on the Georgia Tech hitet RE VO (CHOHLNH, (110) g
(Nowak et al., 2006), with some differences discussed below. 1 'J
Figure 1billustrates the inlet system used during the fall 2009
measurements. The outer portion of the inlet consisted of a ]
65cm, 0.635cm O.D. fluorinated ethylene propylene (FEP) ] E

tube (the depth of the wall of Williams Hall is 50 cm) that 102; | 1 n YR VEN IR

stuck out a 1.27 cm hole in our laboratory wall. This tube 20 w0 6 % 100 120 140
was connected to a perfluoroalkoxy (PFA) tee. One leg of Hass em

the te_e was connected to the first port of a 3-way PFA ValveFig. 2. Typical mass spectra taken for the background (red), ambi-
(ambient mode) and the other leg was connected to the NHent (blue dotted), and ambient plus calibration mode (green dashed).
scrubber housing (stainless steel, 3.5cm 1.D., 15¢m 10NQ)rhe main reagent ion signals were #@&OH)HT (47 amu),
(background mode). For the ambient measurement mode, th@&,HsOH),H* (93 amu), and (gH5OH)3H' (139 amu), and the
sampling air traveled through this tee and the first port of themain product ion signals were I\]{H(ls amu), ((§H50H)NH21L
3-way valve. The ambient mode flow is shown by an orange(64 amu) and (gHsOH)3 NHI (110amu). To calculate [N4],
arrow in Fig. 1b. For the background mode, the sampling airwe used the main product peak at 64 amu and normalized this with
traveled through this same PFA tee and the scrubber housintpe sum of these three reagent ion signals. Larger clusters as well as
and the second port of the 3-way valve. The scrubber housweakly bound water clusters §@(CoHs0H),H*] may also exist,

ing contained silicon phosphates (Perma Pure Inc.), whicHput the use of a collision dissociation chamber (CDC) effectively de-
form phosphoric acid when they are exposed to ambient RHtroyed these weak_ly poqnded larger ions; ion intensities for peaks
levels and subsequently remove NHom the ambient air &> 150amu were insignificant.

(to produce “zero” gases). There was another PFA tee be-

tween the scrubber housing and the 3-way valve, which Wanixture was then introduced into another PFA tee, with one

attached to a pump to constantly S.UCk O.Ut 100-200 scem ov erSort connected to the solenoid valve and another port to an-
the scrubber, to prevent the ambient air from stagnating in-

side the scrubber. The background mode flows are iIIustratecgther PFA tee, located at the downstream of the 3-way valve
; - X n the inlet tubing (Fig. 1b). When performing calibration
in blue arrows in Fig. 1b. In either the background or the g (Fig. 1b) b 9

. . measurements, the solenoid valve was closed and the calibra-
measurement mode, the sample air exited through the co

Mions gases entered directly into the inlet tubing (green arrow

frlnon_port r?f tgle'\féwaly vagvgga5nd tf:rgug_Pha ?Ieconhd PF’?‘]tie 9n Fig. 1b). During the ambient/background measurements,
owinto the inlet (0. ¢m L.D.) The flow through the . the solenoid valve was open and the calibration gases were

inlet was as high as 15 slpm and thg typical residence time Ir}apidly removed through the solenoid valve (50-200 sccm)
the ambient mode was 68 ms. Of this total flow, 5.2 slpm en—(reol arrow in Fig. 1b), to minimize the perturbation of the

tered into the CIMS flow reactor and the rest of the flow was o and pressure in the calibration line.

vented out via a mass flow _controller through a diaphragm During the fall season, all tubing as well as all tees and
pump. The_ purpose_of making (frequer_lt) bac_kground Me3yalves were also maintained at a constant temperature of
surements is to take into account the artifactg\ifjnals that 35°C (£ 1.5°C). This was done by wrapping all the tubing
arise from the adsorption/desorption of bibhn the surfaces and valves, in aluminum foil which was heated using heating

of the CIMS.|r-1I-et. ) tapes. Keeping the inlet at a constant temperature is impor-

The sensitivity of the CIMS instrument was measured (5 for reducing the uncertainties in the background signals
from a calibration using a known concentration of standard(Sect_ 3.2). We have also used only PFA and FEP Teflon
NH; gases. The standard gases supplied from a source cyling terials in the entire inlet system, since stainless steel or

der (Linde, mixing ratio 4.5 ppmw: 5%) were added to the 61 metal materials can easily uptaked\i their surfaces
system with the flow between 1-10 sccm via a mass flow CO”(YokeIson et al., 2003b; Nowak et al., 2006, 2007).

troller (MKS, £ 0.6%), which was regularly calibrated with

a DryCal (Bios). The NH gases were then added to a PFA 2.3 |on molecule reaction region

tee to mix with an additional flow of plgases (50—-100 sccm)

from a liquid nitrogen Dewar (Linde). These additiong!l N The ion molecule reaction cell of the CIMS was maintained

gases were needed so that the calibration was carried out witht a low pressure between 20-25 torr (1 torr = 133.3 Pascal).
a high flow to ensure a fast time response (Sect. 3.1). Thighe total flow into the reactor was between 6.7—7.7 slpm,

lon Signal (Hz)
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e The ion source flow was passed ovet'8Po radioactive
o Data st source emittingr particles that led to the production of pro-
P e tonated ethanol ions [@EsOH)H] and their cluster ions
7 i [(C2H50H),HT], wheren=1, 2, 3, etc. (Nowak et al., 2006).
These reagent ions reacted with flHnder the following
o L pathway (Nowak et al., 2006):

[(C2Hs5OH),, JH +NH3 — NH3(CoHs0H),,_yH +y(C;HsOH) (R1)

40 ¢ =

Percent of NH; signal

where y is an integer less than. A typical mass spec-
trum taken from the ambient air is shown in Fig. 2. Pri-
B mary reagent ions seen in CIMS spectra, in the order of
decreasing ion intensity, were protonated ethanol dimer
(CoH50H)HT (93 amu), trimer (GHsOH)sH™T, (139 amu)
T e e and monomer (€HsOH)H'™ (47amu). Primary prod-
Time Elapsed () uct ions were (GHsOH)NH; (64 amu), NH (18 amu) and
| (C2H5OH)2NHZ (110 amu). Only the product ion signal at
— 64 amu was used for [N#]l calculations, since this was the
most prominent ion peak (Fig. 2) and gave the best sensi-
10 - tivity. To account for the possible variations in reagent ion
. signals which were caused by the fluctuation of pressure in
o c2 cs [ the ion-molecule reaction regior: {0%), we also monitored
M M e “ , these primary reagent ions and normalized them when cal-
N . 0 MMW‘“ LoL culating [NHs]. Reaction rates of these proton transfer ion
] 1 \M } \W Mmf molecule reactions are very similar to each other, because
f — these are collision limited reactions; this also simplifies nor-
malization of these different reagent ion signals.
The CIMS sensitivity was determined by taking the differ-
= 3 ence in normalized product ion signals between the calibra-
T asew | zaew | zasew  sooem  31sew tion and ambient mode, with the amount of the added cali-
10/13/2009 . e e
Eastern Standard Time bration gases. For the same day, the sensitivity was nearly
constant, although there were some day to day variations,
Fig. 3. (a) Signal decay after removal of calibration. One data likely due to pressure fluctuations in the ionization region.
set was used to calculate the time response of the CIMS inStrUAIthough the sensitivity varied, this did not affect the ac-

ment. The data set was for a sensitivity of 24.5Hz/pptv (maxi- curacy of ambient measurement results (Fig. 5), as will be
mum signal was 25000 Hz). The black dotted line represents doudiscussed in Sect. 3.3

ble exponential fits for the data set and the black solid horizontal Mass scans (Fig. 2) were performed every several hours to
line 1/ decay. (b) A measurement sequence, showing four dif- 9. P y

ferent calibration measurements. Raw ion signals taken with a p &nsure the instrument was running properly. During the nor-

time resolution are shown here. 8s0H),H*, 93 amu (brown); mal operatio_n, eight ion peaks including the major reagent
(CzH50H)NHI 64 amu (light blue dashed). C1 indicates the cali- and product ions were measured over time. From these mea-

bration measurements made using only 1 sccm of 0.8 pphyddH ~ surements, a sequence of the measured data was constructed,
ibration gases, C2 using 1sccm of 0.8 ppbv{\tdlibration gases  including the calibration, background and ambient measure-
and an additional 50 sccm ofINC3 using 1sccm of 0.8 ppbv NH ~ ment mode, as shown with ion signals vs. time (Fig. 4a).
and an additional 100 sccm obNand C4 using 0.4 ppbv Nifand  With the use of the sensitivity and the measured background
an additional 100 sccm of Nthrough the flow tube. signals, plots could then be constructed as §Ni. time
(Figs. 5 and 6). Although the CIMS data were collected at

which consisted of the ambient air flow (5.2 slpm) through 1 Hz, the median values of [N}l calculated over a minute
a 0.8mm hole in an Al sampling cone and the reagent gagvere used for data analysis.
flow (1.5-2.5 slpm) perpendicular to the ambient flow. The
reagent gas flow consisted obNases and a small percent-
age (2—3%) of ethanol vapor, which was brought by flowing
50 sccm of N through a small glass bottle containing 95% .

. . . . 3.1 Time response
ethanol solution at room temperature. The reaction time in
the flow reactor was estimated to bd0 ms.

(b) — - 64amu
—— 93 amu

lon Signal (Hz)

3 Evaluation of NH3-CIMS

The time response of the instrument was determined in the
following manner. By measuring the signal decay from
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removal of a standard addition calibration, the data was fit
by an exponential function and the time response was deter-
mined from the 1/&decay mark (Ryerson et al., 2000). For
example, for one of the decays shown in Fig. 3a (sensitivity
of 25 Hz/pptv), the fit was:

— -64amu [
@ — 93amu [

¢ T 9eye
£
s
%

24

"
Cn

% Steady Staf®lH3] = 3+ 14¢~901& 4 8g,~0524 (1)

(Bn signal (Hz)

The preexponential terms represent the percentages of th
steady state calibration level ands the time in seconds af- c
ter removal of the calibration gases. The time required for A A M‘*""ﬁ A
the signal to reach 17¢13.5%) of the initial signal (before 0] i & e i MWWWMW;
calibration termination) was less than 30s. Another fitting o Frmhen ?
was made for a different sensitivity (37 Hz/pptv). The pre- AR A LA MANRARSARASa s
factors were within 12% between the different fittings (the o o o e e
first pre-factor was identical within standard deviation) and
the second time constant was within 50% (the first was iden- 20~ (b) I
tical within standard deviation). ] T
The instrument time response was also tested by using
different calibration flow configurations: with only 1 sccm
of the calibration gas, a mixture of 1 sccm of the calibra-
tion gas and an additional 50 sccm of,Nand a mixture of
1 sccm of the calibration gas and an additional 100 sccm of
N2 (Fig. 3b). As shown in Fig. 3b, the signal rise was much
faster with the additional pflow. Without the additional &
gases, it took 5min to reach the steady state, whereas with
the additional flow of 100 sccm of Nthe signal reached the
steady state in less than a minute. The net increase in the i
product ion signal taken with 400 pptv Nidalibration gases e
(added via a Pyrex flow tubeAHz ~ 10 000 Hz) was also 1000 pddecame (oot 3000 000
approximately half of that with 800 pptv Nf-dded directly
to the CIMS inlet (Fig. 3b) AHz ~20000 Hz). Calibration Fig. 4. (a)A typical ambient measurement sequence including the
gases were added directly to CIMS inlet for calibration mea-ambient (A), background (B), and calibration mode (C) measure-
surements (C1-C3 in Fig. 3b) or to our flow tube with the ments. Raw ion signals taken with a 1s time resolution are shown
CIMS inlet attached (the flow tube was attached to the veryhere.(b) A calibration curve for the CIMS instrument. The air go-
beginning of the inlet) (C4 in Fig. 3b). The response to thising into the CIMS was from flow tube air (a mixture of nitrogen
addition (C4) shows that there were negligible losses wherf2s and water vapor with RH 12%) and entered the CIMS at 5 slpm.
compared with the other measurements (C1-C3), indicatin he solid line _|nd|cates the linear flttlng _of the measurement data
the effects of the losses in the inlet before the PFA tee 1 on ndthe slope is the same as the sensitivity.
the derived [NH] were also minimal (Fig. 1b).

B

a_]
o
2]
M
64
54

Eastern Standard Time

20 —

lon Signal 64 amu (Hz)

Hz = 4.67 x [NHy] + 3500
R*=0.977

o

3.2 Background and uncertainty The background [Nkl values were determined with two

methods. The first method uses the averagesN#lue dur-
Figure 4a shows a typical measurement sequence includng a background period (Background 1), and the second
ing background, calibration and ambient measurementsmethod the minimum value (Background 2). The fall and
Background measurements were performed for 5min evwinter data had the best correlation between the two meth-
ery 30min and calibration was performed for 5min ev- ods, indicating low uncertainties of the signals within the
ery 3h. For example, for the case shown in this fig- same background period. For the spring data, there was a
ure, the background mass spectra signals wer800Hz  small difference (13%) between the two methods and this
and the ambient signals are9000Hz. Since the instru- difference was due to a longer time response for background
ment sensitivity was~15 pptv/Hz for this specific mea- measurements to reach the steady state. In this study, we
surement, we can estimate the background {NHs used Background 1. The estimated instrument background
[7000 Hz/(15 pptv/HZz)]=0.46 ppbv and the ambient [fJlds  was usually<1 ppbv and was~300 pptv at lowest. The
[(9000 Hz—7000 Hz)/(15 pptv/Hz)]=0.13 ppbv. This example background [NH] varied with the ambient [NEl, but there
explains how the background NHignals are taken into ac- were no clear RH and temperature dependences for the back-
count for the calculation of ambient [NdH ground [NH].
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P : ‘ : : : : i 3o the steady state in the calibration signal was readily achieved
i i within 5 min. In this study, Sensitivity 2 was used. The mea-
4, K Ly s sured instrument sensitivities varied from 4-25 Hz/pptv. At
] o e present, we don’t understand which factors affect the stabil-
JRTURNTI iNES U Lty N Jﬁ; . ity of sensitivity; but the accuracy of ambient measurements
i T e ® i was unaffected, because changes in sensitivity were mea-
sured and accounted for. For example, the calculatecs]NH
during the fall were always in the sub-ppbv level, regardless
of the variation of sensitivity over time (Fig. 5). No clear RH

20

3 ° L
3 .0 ° 0%
3 o oo E 10
° ° E 10
o

—15

LY ° [ )
o0 — NH3
(] + + Background 1

B o . — - 64amu L2

(mddyzH) z Auanisuss

— 10

o 3 o Senmivyz and temperature dependence was observed for the sensitivity.
] il ﬁ}M . The uncertainties associated with sensitivity measure-
E W ﬁWW% Jjﬁ; 100 5 . . y .. g
I e AN N ey ST ments came from several sources, including uncertainties in

] i the mass flow controllers and the Wbktandard gases, as well
‘ e e T r o as the variability in calibration signals. The uncertainty from
10/31/2009 11/2/2009 11/4/2009 11/6/2009 .
Eastern Standard Time the mass flow controllers{ 1%) and the NH source cylin-
_ _ _ der (~5%) were much less than the variability in calibration
Fig. 5. Ambient measurements taken during the fall of 2009 over signals, which varied by season and was found highest for the

an 8 day span. Included are the main product (64 amu, blue dasheg)| (~ 30%). Thus, the overall uncertainty in the sensitivity

line) and reagent ion mass signals (93 amu, brown solid line), BaCk'was~30%.

ground 1 (green crosses) and Sensitivity 2 (purple closed circles),
and the ambient [NE] (red solid line).

Ambient NH;, Background 1 NH; (ppbv)
(zH) nwe g6 pue 9 [eubis uoj

4 Ambient measurements

Uncertainties in the background [NHwere estimated by
combining one standard deviationA) of [NH3] in each
background period and the variation in [MHetween two
consecutive background measurements (Nowak et al., 2007
For the winter and fall measurements, uncertainties from

Figure 5 shows the ambient measurements taken during an 8
day period for fall 2009, including the measured raw ion sig-
als (64 amu, the main product ion; 93 amu, the main reagent
on), background, sensitivity, and the ambient JH The
these two sources together were very low (30 pptv); forreage_nt lon signals range_d between 600000-700 .000 HZ? de-
pending on the pressure in the ion molecule reaction region.

the spring, the & within the same background period was . . . .
~100 pptv and the average difference between two consecThe product ion signals varied from 7000-30000 Hz, with

utive backgrounds was-200 pptv. Since the fall measure- thedsarr;)(? tr;ar:\(ld az the rfﬁg?nt on §|gdr1als. t‘)rht\i/baclg%rgund
ments were made using a heated inlet system, these resu ambient [NH] during this time period was between 300

; : 0 pptv and between 60-400 pptv, respectively. Again, the
how th t f heat t tant t ture. . . .
showthe importance ot heating at a constant temperature background [NH] varied with the same trend as the ambi-

3.3 Sensitivity and uncertainty ent [NHg], similarly to (Nowak et al., 2007), but was often
higher than the ambient [N4fl

Figure 4b shows a calibration curve. Flows of 1-4sccm of The ambient measurements taken for the fall, spring and

the 5 ppmv standard NHgases were used to produce cali- winter of 2009 are shown in Fig. 6. Overall the median

bration concentrations of 1-4 ppbv, along with an additional[NH3] (£ 10) was 60+ 75 pptv for winter, 206 120 pptv

100sccm of N gases. These calibration gases were intro-for spring, and 15880 pptv for fall. There was no distinc-

duced into PFA tee 1 right before the CIMS (Fig. 1b). The tive diurnal variation for the ambient [Ng}i although there

air entering the CIMS (5.2 slpm) was from flow tube air (a were some rapid hourly variations. There was also a posi-

mixture of nitrogen gas and water vapor with RH 12%). As tive dependence of the ambient [N}bn temperature for all

the curve shows, the CIMS instrument shows a good lin-seasons, especially for the winter and spring. The spring had

ear responseR?=0.977) when different amounts of NH1— the highest temperatures amongst all seasons studied, which
4 ppbv) are added. For this set of calibration measurementsnay explain the slightly higher [N} seen during this sea-
the sensitivity was 4.7 Hz/pptv. son. The RH dependence for the ambient BiWas unclear:

Calibrations were usually made over 5 min every 3 h. Thepositive for the winter and negative for the spring and fall.
instrument sensitivity was estimated from calibration mea- We have performed backward trajectory calculations
surements with two different methods. For Sensitivity 1, weusing the NOAA HYSPLIT program (Draxler, 2010)
used the rise between the initial calibration value and the fi-and derived the wind direction and speed information
nal in a calibration period. Sensitivity 2 was taken by fitting from Weather Underground (www.wunderground.com),
the signal rise during the calibration period and using theto see how the air mass history affected the local §NH
maximum value from the fitting. These two methods usu-level. Trajectories calculations were made for each hour.
ally produced similar values (withirz10%), signifying that Our data analysis shows that air masses in Kent often
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originated from northwest in spring and fall and from
west/northwest in winter. From the EPA NHemission
data in this region Http://www.epa.gov/cgibin/broker?
_service=airdata&program=progs.webprogs.emisdist.
scl&__debug=2&geotype=st&geocode=OH&geoname=
Ohio&empol=NH3&emyear=200&emtype=&emtier=
&emval=a&mapsize=zsc&reqtype=viewmagmlthough the
latest data posted are only for 2002, one can expect that
air masses traveling from northwest would contain higher
[NHgz]. This could also explain why [NE] were higher in
spring and fall, but more current emission data are needed to
address the transport effects on the local gNH

5 Discussion

There have been four different CIMS instruments used for
NH3 detection, reported in the literature (Nowak et al., 2006,
2007; Norman et al., 2007; von Bobrutzki et al., 2010). Ta-
ble 1 summarizes these NKCIMS including the present
study, with respect to the sampling inlet and CIMS configu-
ration. While our CIMS was largely based on (Nowak et al.,
2006, 2007), in comparison, our CIMS showed lower back-
ground signals than the (Nowak et al., 2006)’s low pressure
version and higher sensitivities than the (Nowak et al., 2007)
version.

When developing a proper inlet for ambient plideasure-
ments, there are several key technical issues including the
inlet configuration, residence time, and heating. Keeping a
straight flow path from the inlet tip to the CIMS can reduce
possible NH losses on tubing surfaces at the curves. Our
inlet configuration was not straight due to the commercial
3-way valve used in this study (Fig. 1b); we have recently
built a custom made 3-way valve from PFA Teflon based on
(Neuman et al., 2002; Nowak et al., 2006, 2007) to allow
ambient air to flow straight through to the CIMS. It is also
important to keep the inlet short and have a high flow, so
that the residence time inside the inlet is minimized. Heat-
ing the entire inlet system at a constant temperature is also
important for the inlet, since this prevents temperature fluc-
tuations, which may lead to adsorption/desorption ofsNH
on the inlet walls and affect the instrument background and
stability (Nowak et al., 2007). As long as the inlet temper-
ature is above ambient temperature, adsorption of [tlde
to being close to the dew point) should not occur. Higher
temperatures may be used, but temperatures that are too hig
could result in volatilization of NENO3. Inlet configura-
tions can also affect signals, as condensation in the tubing

can lead to NH losses (Norman et al., 2009). The sampling CH3COCH;-H* and H(C3HgO)2), and positive oxygen
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Fig. 6. The ambient [NH] measured in Kent, Ohio, during the
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line effects, such as RH and NHoncentrations, can also (O}) (Table 1). The main difference amongst them was
play a role in background measurements (Ellis et al., 2010)that in the first two cases, the product ions consisted of

although in our case the background signals did not have MHI and its protonated cluster ions (N(€,HsOH), H™,

clear dependence on RH, but varied with the sampled NH for example), whereas the third method employed electron

level.

transfer to produce NH One reason for choosing the
The reagent ions used in these CIMS were proto-Og method was that the use of2+O:an possibly limit the

nated ethanol (CkCH,OH-H™), protonated acetone (both amount of background signals produced in the ion source

www.atmos-meas-tech.net/3/1075/2010/
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region .(Norman et al., 2007). For the ljlﬁbroton clus-  significant hotspots exist in this region (Clarisse et al., 2009).
ter methods, the residence time was in the 20-160 ms rangé&n the other hand, polluted areas have showngNts$ high
whereas for the Q) method, a much shorter residence time as 30 ppbv (Dentener and Crutzen, 1994) and {Nitp to
(0.1-0.15ms) was used to minimize the secondary reac430ppbv have been seen in strong point source locations
tions involving NH;r (Norman et al.,, 2007). The sensi- (Schlesinger and Hartley, 1992). Emission measurements
tivity and background were also different between thesemade in different automobile tunnels have shown FNbBif
two techniques. For the Nj—lproton cluster method, the 50-400ppbv (Fraser and Cass, 1998; Kean et al., 2000;
instrument sensitivity (1-40 Hz/pptv) and the backgroundMoeckli et al., 2004) [NH] of 20-70 ppbv have also been
[NH3] (up to 2ppbv) both were higher than those in the reported from smoke (Yokelson et al., 1999, 2003; Goode
electron transfer scheme (0.04 Hz/pptv sensitivity and up teet al., 2000), as well as 100-200 ppbv in biomass burning
0.47 ppbv background). While the protonated ethanol ionsplumes (Hurst et al., 1994; Li et al., 2006).
(CH3CH,OH-H™) can give higher sensitivity, the protonated
; +
acetone ions (ChLOCHs-H™) can be less prone to NH by sulfuric acid aerosols. If high acidity of aerosols was

contamination (Huey, 2007; Nowak et al., 2007). In the resent, this would uptake and neutralize NIA precursor
present study, we have used the protonated ethanol and okﬁ- ' P A P

. o . or sulfuric acid is SQ. One study (Sorooshian et al.,
tained moderate sensitivities as well as relatively low back-2006) made during the ICARTT experiments. showed
ground signals. Most of these CIMS instruments utilized a 9 P '

low pressure £25torr) in the reaction region (Table 1), al- that when flying over the Cleveland area S@mitted

. . from power plant plumes was as high as 70ppbv and
though there are also advantages with atmospheric PressUffat the ammonium-to-sulfate ratio indicated insufficient

z::ﬁg/lcgg:%r;zatmn which provides an enhanced SenSItIVItyamounts: of NH present so the high levels of sulfuric
There were certain degrees of variations both in back-f"’lCId present would not be neutralized. S@missions

. N . in Ohio generally ranks amongst the top in the nation
ground signals and sensitivity in our CIMS. Background sig- ) . L2
nals usually had the same trends as ambiens Nkels, in- (http://www.epa.gov/air/sulfurdioxide/) because of the

dicating that there were some effects of adsorption and desStrong SQ emission from large size coal-burning power

= . . . . .- . 9
orption of NH; on surfaces inside the inlet, but such effects plants ‘in this region Kttp://www.epa.gov/cgi-bin/broker

were taken into account by using background measurement,sserwce:alrdata&,program:progs.webprogs.em|sumry.

. L . e Scl&_debug=2&geotype=st&geocode=OH&geoname=
to gffecnvely minimize the artifact effects. SenS|t|y|ty also Ohio&epolmin=.&epolmax=.&epol=SO&sic=&netyr=
varied day to day, but the measured [jHevels did not _ L _ )
. e . 2002&geofeat=&mapsize=zsc&reqtype=getyaypically,

vary over time as sensitivity did, indicating that the varying .

N . ° the reported S@concentrations were nearly at the ppbv or
sensitivity indeed did not affect the accuracy of the ambl-tens of pobv ranae all vear around in Akron and Cleveland
ent [NHg] values. In the present study, we did not make in- P 9 Y

. : ; in recent years. Data taken from the Ozone Monitoring
tercomparison tests with other NHhstruments. However,
) . . : Instrument on the NASA EOS Aura platform (Krotkov et
the intercomparison made during the Summer of 2009 in the

Michigan forest using our CIMS technique and a wet scrub-al" 2006) showed the averggei&ncentratmn:t 16.) as
. . 0.7+ 1.3 Dobson units (DU; 1 DUx1 ppbv) for the winter,
bing method coupled with long-path absorbance photometry :
o . . 0.3+ 0.13 DU for the spring, and.6+0.52 DU for the fall
(employed by Xianliang Zhou from State University of New . : .
. . . in the planetary boundary layer in Kent, Ohio. These values
York — Albany) showed that this CIMS technique provides . . .
. were anticorrelated with the median [MH(+10) values
reliable NHs measurements. For example, the [Hihea- . .
i . . 60+ 75pptv for winter, 200t 120 pptv for spring, and
sured over an 8 day period showed similar results with thes : S
: o : ..~ 150+ 80 pptv for fall), showing that when [SQis higher,
two independent methods within experimental uncertainties : ) :
: o . . . "[NH3] is lower. This could be explained by removal of NH
A detailed description of these intercomparison results is dis- - . . L
. through uptake by acidic aerosols (typically sulfuric acid in
cussed in (Kanawade et al., 2010). this region) via neutralization
The [NHz] measured in Kent was usually below 1 ppbv for 9 ’
all seasons (Fig. 6). By comparing with other studies cited NH3 has been used to theoretically explain new particle
here, Kent seems to fall into the range of a typical rural re-formation in the eastern US (Stanier et al., 2004; Gaydos et
gion, with regard to the ambient [Nffilevel. For example, al., 2005; Lucas and Akimoto, 2006; Jung et al., 2008). As
[NH3] in the remote marine atmosphere were 86 pptv on av-discussed in (Erupe et al., 2010), we also have made ternary
erage (Schlesinger and Hartley, 1992) and as low as 20 pptliomogeneous nucleation simulations using (Merikanto et al.,
in some remote areas (Dentener and Crutzen, 1994). RuW2007)'s HhSOy-NH3-H2O ternary homogeneous nucleation
ral regions in the eastern United States have showng]NH parameterizations and using the measure8® and NH;
of 100-500 pptv (Dentener and Crutzen, 1994) with a mearconcentrations taken in Kent, but the model could not repro-
[NH3] of 300 pptv (Langford et al., 1992). Global Nté¢mis- duce the atmospherically measured nucleation rates. These
sion data taken with infrared satellite observations show thatesults suggest that these nucleation parameterizations need
concentrations in the eastern United States are low and nto be constrained by observations.

A possible reason for the low levels of NHs uptake
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6 Conclusions Clarisse, L., Clerbaux, C., Dentener, F., Hurtmans, D., and Coheur,
P.-F.: Global ammonia distribution derived from infrared satellite

We have characterized the instrumental performance of our observations, Nature Geosci., 2, 479-483, 2009.
new NH-CIMS. The CIMS sensitivity ranged from 4— Dentener, F. J., end Crutzen, F.: A three-dimensional model of the
25 Hz/pptv with an uncertainty of 30% for1 MHz reagent global ammonia cycle J. Atmos. Chem., 19, 331-369, 1994.
ion signals. The background [NfHwas in the range from Draxler, R..R. and Rolph, G. D HYSPLIT (HYbrid Sl_ngle-Partche
. . . Lagrangian Integrated Trajectory) Model access via NOAA ARL
0.3-1ppbv with an .u_ncertalnty of 30 pptv_under opU_rmzed READY Website http://ready.arl.noaa.gov/HYSPLIT.phiSil-
measurement. conditions. The detection limit ef 'Fhe mstru— ver Spring, MD, NOAA Air Resources Laboratory, 2010.
ment was estimated to be about 60 pptv (1 min integrationgisele, F. L. and Tanner, D. J.: Measurements of gas phase concen-
time and 3 sigma deviation) and the instrument time response trations of SO, and methane sulfonic acid and estimates of
was <30s. This new NH-CIMS has been used for ambi-  H,S04 production and loss in the atmosphere, J. Geophys. Res.,
ent observations in Kent, Ohio during several weeks cross- 98, 9001-9010, 1993.
ing three seasons. [Ny was higher during the spring Ellis, R. A., Murphy, J. G., Pattey, E., van Haarlem, R., O’Brien, J.
(200120 pptv) than in winter (6@ 75 pptv) and fall (156 M., and Herndon, S. C.: Characterizing a Quantum Cascade Tun-
80 pptv). It should be noted that some degree of bias may able Infrared Laser Differential Absorption_ Spectrometer (QC-
also exist due to variations of the inlet setup from season '-DAS) for measurements of atmospheric ammonia, Atmos.
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