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Abstract. A chemical ionization mass spectrometer (CIMS) 2000 Hz ppr?® at 3 ppm with a signal to noise ratiod21 s)
instrument has been developed for the fast, precise, and accgreater than 32. The total measurement uncertainty was 9 to
rate measurement of water vaporn() at low mixing ratios 11 %, derived from the uncertainty in the in situ calibrations.
in the upper troposphere and lower stratosphere (UT/LS). A
low-pressure flow of sample air passes through an ionization

volume containing am-particle radiation source, resulting 1 |ntroduction

in a cascade of ion-molecule reactions that produce hydro-

nium ions (KO™) from ambient HO. The production of  Water vapor in the lower stratosphere (LS) plays significant
H30™ ions from ambient HO depends on pressure and flow roles in both stratospheric photochemistry and Earth’s radia-
through the ion source, which were tightly controlled in or- tion budget (Forster and Shine, 2002; Brasseur and Solomon,
der to maintain the measurement sensitivity independent 0f005; Trenberth et al., 2007; Solomon et al., 2010) despite
changes in the airborne sampling environment. The instrudehydration processes in the upper troposphere (UT) that
ment was calibrated every 45 min in flight by introducing a reduce HO mixing ratios to low part per million (ppm,
series of HO mixing ratios between 0.5 and 153 parts per 10-® mol mol~2) levels. Over the past several decades there
million (ppm, 108 molmol-1) generated by Pt-catalyzed has been considerable systematic disagreement among in situ
oxidation of H standards while overflowing the inlet with  H,O measurements made by different instruments at the low
dry synthetic air. The CIMS pD instrument was deployed mixing ratios found in the UT/LS. These discrepancies have
in an unpressurized payload area aboard the NASA WBdimited our understanding of the microphysics related to cir-
S7F high-altitude research aircraft during the Mid-latitude rus cloud particle nucleation and growth which underlies the
Airborne Cirrus Properties Experiment (MACPEX) mission dehydration processes in the tropical UT that regulat® H

in March and April 2011. The instrument performed suc- transport across the tropopause (Jensen et al., 2005, 2008;
cessfully during seven flights, measuring® mixing ra- Peter et al., 2006; Kamer et al., 2009) and which, in turn,
tios below 5ppm in the lower stratosphere at altitudes uplimits our ability to determine and predict the effect of cli-

to 17.7km, and as low as 3.5ppm near the tropopausemate changes on the radiatively important feedback from

Data were acquired at 10Hz and reported as 1s averagegJT/LS H,O (Solomon et al., 2010; Maycock et al., 2011).
In-flight calibrations demonstrated a typical sensitivity of
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1462 T. D. Thornberry et al.: Measurement of UT/LS water vapor by CIMS

H,O in the UT/LS is measured from aircraft and bal- to positive ions; the control software was rewritten for im-
loons using a variety of in situ techniques including Lyman- proved operation and to allow greater flexibility in the au-
« photofragment fluorescence (e.g., Weinstock et al., 1994tonomous operation sequence; the long ionization flow tube
Zoger et al.,, 1999), tunable diode laser absorption specwas replaced with a compact, custom ion source; and one of
troscopy (e.g., May, 1998), and chilled mirror hygrometry the four turbomolecular pumps was removed and replaced
(e.g., Vomel et al., 2007). UT/LS D is also measured re- with a second molecular drag pump to provide low pressure
motely using Raman lidar from the ground (Leblanc et al., pumping for the ion source. Only one channel of the two-
2012) and differential absorption lidar (DIAL) from aircraft channel instrument was converted fop® measurements,
(Kiemle et al., 2008), and by satellite instruments such as thend the other channel was not operated. The NOAA CIMS
Michelson Interferometer for Passive Atmospheric Soundinginstrument was designed to function in the unpressurized
(MIPAS) on EnviSat (Milz et al., 2005) and the Microwave and unheated fuselage payload bay of the NASA WB-57F
Limb Sounder (MLS) on Aura (Read et al., 2001). One com-aircraft, with sensitive components such as the quadrupole
monality among all current UT/LS 0 instruments is alack  power supply and data acquisition computer system located
of in situ calibration. Instruments are typically calibrated on in temperature and pressure controlled enclosures. A design
the ground before and after missions, between individualprinciple of the instrument is to utilize highly regulated inter-
flights, or by comparison to a reference method (e.g., direchal temperatures, pressures, and flows in order to produce an
absorption) at lower altitudes with higher mixing ratios, and analytical measurement that is independent of changes in the
rely on assumed consistency of instrumental background andampling environment during flight. The instrument operates
sensitivity to apply the calibrations to flight conditions in the and is calibrated identically in flight and in the laboratory.
UTI/LS.

Significant effort has been expended to assess the accurady2 Inlet system
of UT/LS H,0O measurements (Weinstock et al., 1994, 2009; ) .
Hintsa et al., 1999; Kley et al., 2000; Fahey et al., 2009). Both "€ CIMS HO sampling point was located at the bottom
in-flight and laboratory comparisons have demonstrated per®’ @ Pylon extending 40 cm below the aircraft fuselage pal-
sistent differences among instruments at mixing ratios below/€t: The pylon is indicated in the schematic in Fig. 1, and a
10 ppm, with significantly larger differences observed in thedrawmg of the p_ylon. showing the inlet ﬂ_OW control valve,
UT/LS than in the laboratory. The in-flight differences have 2€r0 air and calibration valves, and the ion source appears

typically been much greater than the combined instrumeni Fig- 2. This location places the sampling point outside the

tal uncertainties, and indicate the presence of unrecognizeffircraft boundary layer, which avoids possible contamination

artifacts in some or all of the instruments. (i.e., artifact) from outgassing of ¢ from aircraft surfaces.
To address these issues related to the accuracy of UT/LS@MPple air is drawn through a 0.32 cm orifice at the tip of

H,O measurements, we have developed a sensitive and spHi€ inlet line, which consists of 0.46 cm ID (inner diameter)
cific chemical ionization mass spectrometry (CIMS) tech- €lectropolished stainless steel tubing (WinTech 10, Winter

nique for the measurement o8 at low-ppm mixing ratios. 1echnologies). The ambient air flow past the sampling point
We have adapted an existing CIMS instrument capable of op!S S€t by & flow straightener and, hence, is perpendicular to
erating on high-altitude research aircraft to make measurethe flow into the inlet line allowing for sampling of 40 va-
ments of UT/LS HO. The instrument conducts in situ cal- POr While rejecting cloud droplets and ice crystals (Popp et
ibration procedures during flight using two separate source@!» 2004). The tip of the inletis heatedt045°C in order to

to ensure the accuracy of in-flight measurements. The instruPT€vent condensation on the inlet. _

ment has been successfully operated in the UT/LS aboard the 1N first 5cm length of the inlet line is enclosed in a heat-
NASA WB-57F high-altitude research aircraft. ing mantle which heats the ambient sample flow (@5
and the air within the pylon was maintained near30in
flight in order to keep all non-heated components near nor-
mal room temperatures. During calibration, dry synthetic air
(zero air) is added to the inlet 3cm from the sampling point
through a 0.2 cm ID stainless steel tube brazed into the inlet
tube. Calibration gas is added through a second 0.2cm ID
A schematic of the CIMS bD instrument, including the tpbe brazed into the inlet tube 15cm downstrggm of the inlet
principal components of the sampling and calibration flow {iP- This arrangement allows for standard addition f-o
systems, is shown in Fig. 1. The instrument is a modi-the am_blen'F air sample as well as zero air, and the gddltlon of
fication of the CIMS instrument described by Neuman etthe calibration gas wgll downstream of the zero air ensures
al. (2000) previously used to measure nitric acid (HNO _that all of the calibration gas sent to the inlet flows into the
and hydrochloric acid (HCI) in the UT/LS. Minor changes 'nstrument.

were made to the quadrupole mass spectrometer electron-

ics to convert the instrument from measuring negative ions

2 Instrument description

2.1 General description
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Fig. 1. Schematic of the CIMS instrument showing the principal components of the flow and calibration systems. A custom butterfly valve
(BV1) controls the inlet sample mass flow measured by mass flow meter MFM1. BV2 regulates the main inlet pressure (P1), and BV3
regulates the ion source pressure (P2). Solenoid valve V1 is the zero air delivery valve, V2 gxlstaddard delivery valve, and V3 is

the Hy/Pt-H>O calibration diversion valve. Mass flow controller flows or flow ranges during operation are specified. NO and NC denote
normally open and normally closed solenoid valves.

2.2.1 Flow and pressure control source chamber pressure and pumped directly by a molec-
ular drag pump (Drag Pump 2). The pressure in the main

. : . inlet was controlled to 18 4+ 0.04 hPa while that in the ion

An essential feature of the inlet sample flow control is to source was maintained a6t 0.01 hPa. This pressure dif-
maintain the pressure and flow conditions in the ion SOUrC&, ance produced a constant f.Iow nea.tr 60 scem through an
constant over a wide range of ambient pressures. To achiev 8cm long, 0.18 cm ID electropolished stainless steel capil-
IE'S control, three CLthtct)m tb;ﬁter.ﬂy valves a_rel utseddto htohl.dlary into the ion source. The pressures inside the inlet system
the pressures cohns at? aTh € |c:n source fm ed and Wity 4 jon source were held constant to within their respective
€ lon source chamber. The vaves are of a design SiMiz, o5 ces during flights, while the aircraft operated over a

lar to that described in _Gao et al. (1999) that were devel-Wide range of ambient pressures (600-80 hPa) and tempera-
oped for the HNQ@ CIMS instrument (Neuman et al., 2000). t%lres (280-195 K)
d .

The new valves are constructed of stainless steel instead
th? ongm}:’al Teflcﬁ)] tc;_mt|nt|)mt|tzeﬂl-bo |Interchi3|;)n;_W|t;1 the the instrument inlet before it reaches the ion source cham-
valve surfaces. The first buttertly vave ( = F1g. ) con- ber also minimizes the response time of the instrument to
trols the inlet flow to 1460 standard émper minute (sccm) rapid variations in ambient #0. The 28.5cm long, near-
l:'smg the”3|g|nal fr%m_ a nr:ass fI_ow_n;ete;lr (M(()jdel AWMSlOlf' ambient pressure region of the inlet from the sampling point
thoney:/ve )tocetxte "I\]/”t:,\jlm?.n 'ri etTr:)w ownjtrtc)aal;n ﬁ to the flow control valve (BV1) had a volume of 4.7 g@nd

e pylon structure ( . Fig. 1). The second butterfly presented the dominant source of sample residence time. At

valve (ETVZ)' !ocated downstream of th_e pY'O” and the ion the inlet sample flow rate (main flow ion source flow) of
source inlet, is servo controlled to maintain constant pres-

- the inlet using the sianal f th in f 1520 sccm, the resulting sample residence time wésl s
sure in the inlet using the signal from the main flow pressure,; /i pressures below 500 hPa.
transducer (P1). The ion source pressure is controlled by the
third butterfly valve (BV3) that is servo controlled by the ion

Minimizing the residence time of the ambient sample in

www.atmos-meas-tech.net/6/1461/2013/ Atmos. Meas. Tech., 6, 146175 2013



1464 T. D. Thornberry et al.: Measurement of UT/LS water vapor by CIMS

1 [ = T 1'™ 2.3 lon source

In contrast to typical chemical ionization techniques for the
 Aircraft pallet ] 3 measurement of atmospheric trace species (e.g., Huey, 2007),
no separate reagent ion flow was used for detection,@ H
in the new CIMS technique. Instead, a flow of sample air was
directed through the ion source chamber and exposed directly
to « particles emitted from the radioactive source. The result-
ing cascade of ion-molecule reactions produced protonated
water ions (HO™) as a stable end product, with the num-
ber of O™ ions monotonically related to the @ mixing
ratio. Optimization of the ion source pressure to achieve a
Pl e — balance between dynamic range and sensitivity (Hzppm

s W) — to H>O required operation at low pressure. The source pres-
NN L Flight direction —— sure of less than a few hPa, required to prevent saturation
] A of the O™ signal at a low HO mixing ratio, is lower than

_ _ ) _ is typically used in CIMS instruments for atmospheric mea-
Fig. 2. Model of the CIMS B O inlet pylon s_h0W|_ng the inlet geom- o ements (Huey, 2007). Stand&dPo ionization sources
etry and components of the flow and calibration system. Ambient -
air enters the instrument through the sample point (A) in the center_(e'g' Stat_lcmaster P-2031, N.RD’ LLC) that are often_used
of the thin flow straightener plate at the bottom of the pylon. The in CIMS instruments are designed tO.WOI’k at much higher
zero air addition point (B) is located 3 cm downstream of the sam-Pressures and flow rates than are optimal for the new CIMS
ple point. The principal calibration source i$@ produced by H application. At low pressures, fewer ions are producedxper
oxidation in a Pt catalyst (C), which is added to the inlet flow (D) particle emitted into the source volume, and at low flow rates,
15 cm from the sample point. A custom butterfly valve (E) maintains the loss of ions to surfaces and recombination before they can
a constant mass flow through the inlet independent of the ambiengxit the source is significantly increased. To address these is-
pressure. A small fraction of the sample flow is extracted through asues, a custom ion source was designed and constructed to

stainless steel capillary (F) and flows into the ion source (G). 'O”Simprove performance at the low pressure, low flow condi-
produced in the ion source enter the mass spectrometer (not Show?i)ons optimal for the CIMS HO measurement

through the entrance nose cone (H). A fan and heater (1) are used to The custom ion source chamber, shown in Fig. 3, is a

heat the interior of the pylon to near 3G during flight. cylinder 3.2cm long and 3.1¢m ID with a 3.2 c9.6 cm
241Am foil (NRD, LLC) mounted on the inner surface. The
total activity of the?*1Am foil is 7.2 mCi, of which approx-
2.2.2 Materials imately 15 % is emitted into the ion source volume (NRD,
LLC, personal communication, 2010). The end cap of the ion
Prior to the development of the flight instrument inlet, labo- source is comprised of two metal discs with circular open-
ratory studies were performed using a prototype of the CIMSingS, separated by a thin insulating disk of plastic (K@)F
H-O instrument to characterize different inlet line materials The inner disc is at the same potential as the body of the ion
for their H,O desorption properties. A fast solenoid valve goyrce, while the outer disc is biased at a lower potential to
controlling HO addition to the CIMS HO sampling line  provide an attractive potential for the efficient extraction of
was used to create a sharp transition frerBOppm to less  positive jons from the ion source chamber. The ion source
than 1 ppm. The resulting decays were reasonably well réPhody and end caps were machined from a heavy tungsten
resented by a triple exponential function with overall time alloy to provide adequate shielding from the gamma rays co-
constants (3-folding) of < 5s. Only small differences were amitted from the?*Am foil and then gold plated for inert-
observed in the desorption time constants for 500 sccm flowg,egg prior to installation of the foil.
through 50 cm lengths of 0.64 cm OD (outer diameter) elec- |y order to improve ion extraction from the ion source
tropolished stainless steel, fluoropolymer-coated (Fluorope[:hamber, transmission of ions into the mass spectrometer,
504A-FS, Cytonix Corp.) stainless steel, borosilicate glassgng jon declustering, the ion source body and extraction lens
PFA Teflorf®, and Synflex 1300 (Eaton Corp.) tubing. The were maintained at positive potentials relative to the mass
Teflor® tubing was observed to allow measurablgHoer- spectrometer entrance nose cone, which was held at ground
meation and is therefore not a suitable material for use inpotential. The ion source body was held4at40 V relative
instruments measuring low ppm mixing ratios of® With to the nose cone and the extraction lens was heldogx V.
the additional considerations of ease and flexibility of man-These voltages produced-&0V attractive potential to ex-
ufacturing and minimization of trapped volume, the wetted tract positive ions from the ion source anc~&70V cn!
components of the flight instrument inlet were all constructedfield to accelerate the ions to the entrance to the mass spec-
of electropolished stainless steel. trometer.

il
40 cm
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Ny 5 NJ + e~ (R1a)
L NY £ N4 e (R1b)
0,5 0f + e (R2a)
50t 4+ 0+ e (R2b)

The NI, N*and OF ions are rapidly converted to Owith
minor branches producing stable N@ns. A small fraction
of the NJ ions react with HO to produce MH* ions, which
can subsequently react with an additionglHmolecule
to produce HO™. Kinetic modeling indicates that the
dominant channel for producing 3@*is through a se-
ries of reactions beginning with the association q*f\@'th
H>O (Reaction R3) or with another Omolecule to form
Ojf (Reaction R4), which can then formzB™ clusters in
a series of reactions involving multiple 28 molecules
(Fehsenfeld et al., 1971; Anicich, 2003):

Of + H2O+ M — 0f - H,0 + M (R3)
Fig. 3. Custom ion source for the CIMS 40 measurement. Air n "
enters the ion source chamber through a capillary connected to the; + 02 +M—-0; + M (R4)
fitting (A) at the bottom. Thé41Am foil is located on the inside
of the ion source chamber (B), which is held at240V potential O + H20 + M — O - HoO + O, + M (R5)
with respect to ground. Positive ions formed inside the chamber are
extracted through the exit lens (C) by applying-80 V potential to O; - H0 + HoO — H30" - OH + O» (R6)
the lens 50V relative to the chamber). The ions exit the chamber
directly in front of the entrance nose cone of the mass spectrometeizO" - OH 4+ H,O — H30" . H,O + OH (R7)

(D), which is held near ground potential. Air flowing through the
ion source chamber is pumped away through port (E) on the vacuunT he ionization mechanism is shown schematically in Fig. 4.
can, while the pressure is monitored through a smaller port (F).  This ion chemistry is similar to that occurring in the D re-
gion of the ionosphere (Ferguson, 1974). The multistep and
multi-H>O nature of the reaction mechanism results in a non-
The custom?*!Am ion source yielded a factor of 2 in- jinear relationship between the;8 mixing ratio and num-
crease in total ion current over a 20mCi commeréidPo  per of H,O™ ions produced. The important role of three-body
source (model P-2031, NRD, LLC) when operating at pres-reactions (R3), (R4) and (R5) in the ionization mechanism
sures below 2 hPa and a flow of 1000 sccm. This improvedeads to a large pressure dependence of tg@'Hproduct
signal was maintained while operating with flows as low asjon yield. Maintaining a constant ion source pressure is thus
30sccm, at which almost nog@* signal was observed us- critical in order to produce a consistent measurement sensi-
ing the commercialf1%Po source. Thé*?Am foil, with a tivity.
half-life of 432.2yr, has an advantage o/éPPo (half-life The ion-molecule clusters are all dissociated by energetic
138 days) in that its activity will remain stable essentially jon-molecule collisions induced by the strong electric field
indefinitely, barring damage to the foil, thus eliminating the ysed to accelerate the ions from the ion source into the mass
need to periodically replace the radioactive source as its aCspectrometer, thereby converting all of the®+ - OH and
tivity declines. H3O™" - (H20), into H3O". The observed mass spectra for
two example mixing ratios of D are shown in Fig. 5. The
well-defined BO™ signal at mass-to-charge ratim (z) 19
: . 41 ; . is used to quantify the $O in the sample flow. The largely
The o particles emitted by thé*’Am foil are energetic H,O-independent N®signal atm /z 30 serves as a useful

enough to ionize any molecule they encounter on their pas-

sage across the ion source chamber, so the bulk of the ion%'agnOStIC for tracking the stability of the ion source and

are initially formed from interaction with Nand & (Takebe, mass Spec trometer,. and th% Signal atm/z 3.2 'repres.ents
1974): the majority of the ion current at low # mixing ratios.

An initial plan was to normalize the 407 signal by the
NO™ signal to account for any changes in ion transmission
through the ion optics and quadrupole mass filter. However,

2.3.1 lonization mechanism

www.atmos-meas-tech.net/6/1461/2013/ Atmos. Meas. Tech., 6, 14675 2013
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© M H.O*-OH H>0 in the sample flow. The complete declustering of ions entering
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; corresponding to Ot - HoO atm/z 37.
H)() ‘TH“O 'HJO bD

Fig. 4. Schematic showing the principal ionization pathways for
the production of HO™ from a-particle ionization of ambient air. ~ @ir standard prepared by the NOAA Earth System Research

x+M indicates a three-body reaction, M indicates a declusteringLab Global Monitoring Division. To account for the minor

collision. The arrows indicate the flow of charge through the reac-CO, and CH, effects, the synthetic zero air used in the

tion mechanism. laboratory and in flight contained 38@8) ppm CQ and
1.78 @0.04) ppm CH (Scott-Marrin, Inc.) to simulate am-
bient air concentrations.

optimal operation of the quadrupole required different pa-

rameter settings in the/z 16—22 window and the:/z27— 2.4 Calibration system

44 window, which resulted in differences in the variations in

peak position and transmission between the two windows(Calibration of the CIMS HO instrument in flight and in the

This rendered such a normalization non-useful. The effectivelaboratory was accomplished using two independes® H

declustering of ions prior to entering the mass spectrometegources. The primary calibration source was quantitative ox-

is demonstrated by the complete absence of any signal frondation of H, in zero air over a Pt catalyst to produce known

H3O* - H20 atm/z 37. mixing ratios of HO. The development and evaluation of
this calibration source is described in detail by Rollins et
2.3.2 Interferences al. (2011). For calibration of the CIMS instrument, a se-

ries of stepped flows<{20 sccm each) from three different

Due to the relatively high abundance ob® compared to  standards of bl in air (303+ 6 ppm, 2588t 24 ppm, and
most other atmospheric trace gases in the UT/LS (especiall.069+ 0.021 %, Scott-Marrin, Inc.) were combined with a
those containing hydrogen atoms), significant chemical inter50 sccm flow of zero air and passed through a Pt catalyst.
ferences are not expected in the ionization scheme producin@he catalyst was located in the inlet pylon so that the H
H30™ as outlined above. To quantify the potential effects onwas converted to O immediately prior to the calibration
the HsO* signal from the most abundant atmospheric traceflow being added to the sample flow. The catalyst consisted
species, laboratory experiments were conducted by addingf a 14 cm long, 0.22 cm ID Pt tube with two 2.5 civbcm
03, CO; and CH; along with HO to dry (~ 0.5 ppm RBO) pieces of 100 mesh Pt gauze (Sigma-Aldrich) rolled up and
synthetic zero air (Ultra Zero Air, Scott-Marrin, Inc.). These packed loosely inside. A 10 cm long copper block containing
mixtures were introduced into the CIMS8 instrumentand  a cartridge heater was clamped around the Pt tube and the
the HRO™ signal response to D mixing ratio was observed assembly insulated with rigid silica foam. The catalyst was
as the mixing ratios of the other species were varieglaD maintained at a constant temperature of 18Pwhich re-
mixing ratios up to several ppm was found to have no ef-sults in quantitative oxidation{99 %) of the k} in the flow
fect on the measuredJ® sensitivity. CH in the sample flow to HoO (Rollins et al., 2011). A 100 um orifice at the exit
produced an O™ signal with approximately 1 % of the sen- of the catalyst tube maintained the pressure in the catalyst at
sitivity to H>O. Adding 380 ppm C@to the zero air resulted greater than 1000 hPa, independent of the lower sample line
in a decrease in sensitivity to)® of ~ 10 %. pressure. In the primary procedure for instrument calibration

Zero air containing mixing ratios of GOand CH, sim- in flight and in the laboratory, the calibration flow from the
ilar to current ambient values, 380ppm and 1.8 ppm, re-catalyst containing bO was added to a sample flow of zero
spectively, was found to yield a sensitivity to,® indis- air with known residual KO, thereby producing accurately
tinguishable from that obtained using a desiccated ambienknown H,O mixing ratios in the instrument.

Atmos. Meas. Tech., 6, 1461475 2013 www.atmos-meas-tech.net/6/1461/2013/
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The secondary calibration source was a gravimetrically-O}r becomes limiting and the sensitivity begins to decrease
prepared HO-in-zero-air standard. The cylinder zero air bal- with increasing HO. The combination of these two effects
ance gas contained G@nd CH, as described above for the leads to an overall sigmoidal shape to the instrument sen-
sample flow zero air. The ¥ standard was stored in a 34 L sitivity function. The ionization mechanism also involves
electropolished stainless steel cylinder (Essex Industries) inhree-body reactions and, therefore, the sensitivity is a strong
which low H,O mixing ratios have been shown in NOAA function of the ion source pressure. With the active control
tests to be stable to within a few percent for periods of up toof the pressure in the ion source to withii®.01 hPa, no sen-
several years. A subsample from this cylinder was transferredgitivity changes due to pressure variations could be detected.
to a 4.5L electropolished stainless steel cylinder (Essex In- Due to the non-linearity of the instrument response, the
dustries) in the instrument for use during flight. A 2500 sccm calibration of instrument sensitivity toJ4® requires the ad-
flow from this standard was delivered to the inlet line us- dition of multiple HLO mixing ratios spanning the measure-
ing valve V2 (Fig. 1) in place of zero air or ambient sample, ment range of interest in the ambient atmosphere. Further,
thereby producing an independent, absolute, single calibraa means of interpolating between the individual calibration
tion point that could be used to confirm the accuracy of thepoints is necessary to provide a smooth function of the sensi-
multipoint dynamic-dilution H catalyst calibration in flight.  tivity over the mixing ratio range. Several different interpola-

In order to maintain flow through the calibration system tion approaches were considered, including linear and spline
while not adding calibration gas to the inlet, and to minimize interpolation and curve fitting using a number of different
dead volume and wetted surface area in the calibration lineequations. The shape of the response curve suggested the use
the Hy/Pt H,O calibration flow is diverted from the inlet to of a sigmoidal function, and the best results, as measured by
the instrument vacuum pump by means of a tee and 2-wayit residual to omitted data points, were achieved using over-
valve (V3) when it is not needed. The diverted calibration lapping, piecewise fitting with Hill's equation to the lower
flow passes through a mass flow controller, which is set toand upper portions of the curve. The formulation of Hill's
also take a small amounk (G0 sccm) of air from the sam- equation used is
ple line to ensure complete diversion of the calibration flow. L
Switching this valve allows the calibration gas to be rapidly () = 04 (¥max— y0) [1+ (Xhalf)p] ’ )
added or removed from the sample flow. x

The calibration flows were controlled using Bronkh_orst where the fit parameters arg, the base value of the function:
EL-Flow thermal mass flow controllers (Bronkhorst High- Ymax the maximum valueshar, thex value corresponding to

Tech B.V., the Netherlands). Previous experience with theryp,o mid-point betweeno and ymax; and p, a rate coefficient.

mal mass flow controllers aboard unpressurized high-altitud§ it these fits. the maximum residual error observed was
aircraft has indicat_ed that errors ir_l the reported flow could|ogq than 3% in all cases, and typically less than 2 %. Values
result from operation at low ambient pressure external to; ihe overlap region between the upper and lower curve fits
the flow controller. In laboratory tests, the Bronkhorst flow | o e calculated by a weighted average of the two fits in or-

controllers used in the CIMS instrument were found to0 be yer 1o produce a smooth transition. The differences between
insensitive & —1 % deviation) to e_xternal ambient pressure e fits were typically< 1%. An example of the instrument
at pressures down to 80 hPa, which was the lowest Pressuiig. o+ signal as a function of the #0 mixing ratio is shown

reached in the WB-57F payload bay. At lower pressures, rig ¢ for a laboratory calibration. The merged Hill equa-

Iargeor errors in the reporttsd flow were observed, reachingiqn, fit and uncertainty in the curve fit appear in the plot as
—109% at 22.5hPa ane25% at the lowest pressure tested o gashed line and grey shaded region. Figure 7 shows the

of 17hPa. derived sensitivity (HO*/H,0 in Hz ppnt?) of the instru-
ment as a function of the # mixing ratio.

3 Instrument performance 3.1.2 Background artifact

3.1 Laboratory evaluation Conceptually, the CIMS kD background artifact is the ap-
parent HO mixing ratio that would be calculated from the

3.1.1 Sensitivity instrument signal if there were noB present in the sample

flow entering the instrument. Such an artifact could poten-
The multiple reaction paths and multiple steps in the ion-tially arise from leaks into the system, outgassing ofOH
ization mechanism (Fig. 4) leading to the production of from inlet surfaces, or spurious production of®i" in the
H3O™ result in a non-linear response te® in the CIMS  ion source (e.g., from Ci. To determine this background
instrument (Fig. 6). At low mixing ratios€ 10 ppm), BO is artifact, a completely desiccated sample air could be intro-
the limiting reagent in multiple steps in the ionization mech- duced into the inlet and the resulting signal observed. This
anism and, thus, the sensitivity is greater than first order inapproach would be most useful for determining the artifact
H»0O. At higher mixing ratios£ 10 ppm), the availability of  arising from a leak or a chemical source, since the associated
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the H,O mixing ratio from the calibration shown in Fig. 6. The
diamonds are the values from the individual calibration points, and
the dashed line is the curve fit.

Fig. 6. CIMS calibration curve showing the non-linearity of the re-

sponse to HO. The data are fit piecewise using two overlapping
Hill equation (sigmoidal) curves, one for the lower 7 data points
and one for the upper 7 data points. The grey shaded region repre-

sents the experimental uncertainty in the fit. 3.1.3 Accuracy

H-O" sianal ¢ ted to ch time followi The primary standard used to evaluate the accuracy of the
3V signa’s are not expectedto change overtime fofowiNg o \is 1,0 measurement was a NIST (National Institute

the addition of desiccated air and should be representativ%f Standards and Technology)-traceable, reference chilled
of the artifact contribution to the overall signal while sam- mirror hygrometer (model 373LX, MBW éalibration Ltd
pling ambient air. However, due to the eq.uilib.rium nature of Switzerland). The MBW model 37éLX (MBW hereafter) ha{s
surface-adsorbed 49 and the long effective time constant a lower limit frost point temperature 6£95°C and a stated

for(}h[;e ﬁut%%sgsrgo{)adsorbidﬁtatlIo;vO%c;nCSntrathns (:" accuracy oft0.1°C. At 1013 hPa pressure this translates to
and byfa, , Dobrozemsky etal., ), thetH signa a minimum detectable mixing ratio of less than 0.04 ppm

arising from outgassing O .WO.UId be a slowly decreasing and an uncertainty a£0.08 ppm &2 %) at 5 ppm. While the
va_lue rather than constcant.m tlme.. The arufact value deter-MBW has both high accuracy and precision, it operates best
mined for O outgassing into desiccated air would not be

. . - . .~ as a steady-state instrument and has a slow time response at
directly applicable for determining the desorption contribu-

tion to the artifact | bient air si both th itud low water vapor concentrations that limits its direct use for
;?13 t(i)meecggétzilt Igfihme Isgcgirnzlnsﬁna? woul?j rgzg:'fﬁnfdynamic measurements such as from aircraft in the UT/LS.
. . . . - The MBW was used to determine the® mixing ratio

tion of the KO in the sample flow. Hence, adding desiccated. @ 9

- ) ..~ ~in zero air cylinders and to show routinely in the laboratory
air is not necessarily an effectual approach for determinin

the contribution to the instrument signal from desorbingH %hat the two calibration sources used in flight, namely, Pt-
) . catalyzed H oxidation and the single-point # standard,
at ambient HO values. For our CIMS inlet system, we ar- Y H g'e-p 2

were accurate to within a few percent. In practice, the ulti-
o,

ltinoint calibrati ith at least librati int ate accuracy of the CIMS2® measurement was evaluated
a muitipoint calioration with at jeast one calioration point ;, y,q laboratory by simultaneous measurement of a range

atla mIIXItnhg ratio Iowel; thsn the dlowsfst texpetcyta)dt amtb'?r?tof H20O mixing ratios with the MBW and CIMS sampling
value. In this way, any background artifact contributes 1o th€q,, "o s ymon manifold. During these intercomparisons,

i ; e : i
':3? sitl%nal dx;:n?] themca}:lnbratiggi p:](t)c?rs:%r;]n the T)amke rrnal:]gqe CIMS instrument was operated and calibrated using the
eras ltdoes when sampling ambientair. 1hus, a DaCkgroUNg, e cajibration and data reduction procedures as used in

a_rtt_'fiCt lslaurotmatlcilrlly af{:cou?tgtdkfor 'rll tge C”}YLEGS?_?' ¢ flight. The CIMS measurement exhibited agreement better
stivity caiculation without explicit knowledge ot the artifact ., 394 gyer g wide mixing ratio range, as is shown in an
value. For the CIMS BHO measurement, the lowest calibra- example in Fig. 8

tion mixing ratio was that of the zero air, with different cylin-

ders having measured values between 0.5 and 0.8ppm. Af 1 4 Precision

these mixing ratios, a stablesB* signal was achieved in a

reasonable time<{{ 60 s), even starting from mixing ratios of The precision of the CIMS measurement was evaluated

several hundred ppm. by comparing the observed standard deviation in the
H3O™" signal while sampling a flow with constant,8
mixing ratio to the value expected from Poisson statistics
for pulse-counting noise in the mass spectrometer electron
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multiplier. The observed ratio was 1.2, indicating that there 30
were no significant additional sources of instrument noise.
The observed instrument precisiorns(21s) at 3 ppm was | /

<0.07 ppm, or~ 2 %. Precision contributed only slightly to 25| 2 fneartt

--1:1line

the overall measurement uncertainty.
3.1.5 Uncertainty 20

The uncertainty of the CIMS measurement gfHmixing
ratio is tied directly to the accuracy of the@ amounts de-
livered to the instrument during a calibration. The factors that £
contribute to the overall measurement uncertainty include the® |
uncertainty in the measured calibration and sample flows, the 0]
uncertainty in the mixing ratios of +and HO in the cali-
bration flow and zero air, the uncertainty in the efficiency
of the Pt catalyst in converting Ho H2O, the error in the
curve fit representation of the calibration data, and the un- 1
certainty arising from interpolating the sensitivity between
calibrations.

Hz0 (ppm)

e s e e e e s e e e e e e e B e
0 5 10 15 20 25 30
MBW H,0 (ppm)

3.2 Operation on the NASA WB-57F during MACPEX
Fig. 8. Comparison of CIMS-measuredo,B mixing ratios to

During the Mid-latitude Airborne Cirrus Properties Experi- MBW-measured mixing ratios in a laboratory experiment. The
ment (MACPEX) campaign, the CIMS instrument was flown black dashed line is the 1:1 line, and the weighted, orthogonal lin-
in the fourth (aft-most) pallet position on the WB-57F. The ear regression fit to the data (red line) is CIMS = 086 (05) + 0.98
instrument operated fully autonomously following instru- (:0.01)- MBW.

ment power-on from the cockpit. The instrument pumps were ) i

turned on to begin instrument flow and pump-down of the After 90's, the flow of zero air was replaced with a 2500 sccm

vacuum chamber when the aircraft passed a pressure levdPW from the O cylinder for 120s in order to ensure a
of 600 hPa (approximately 4km) during initial ascent. Data stable signal. Following the #D standard measurement, the

acquisition began as soon as the vacuum chamber reach&§'© air flow to the inlet was resumed. 60 s later, the calibra-
operating pressure for the electron multiplier {0~ hPa). tion flow diversion _val\_/e (V3 in Fig. 1) was closed so tha_t
The instrument operated throughout the flight following floW from the H oxidation system was added to the zero air

a programmed measurement and calibration sequence arfd the sample flow. The picalibration standard flows were
shut down when the aircraft descended past 600 hPa. Thediusted inaseries of 11 steps in order to generate increasing
guadrupole mass filter was set to transmjCH ions for 9's, mixing ratios from 0.8 (zero air only) te- 153 ppm. In each

followed by NO' and q for 0.5 each. Data were acquired step, the new mixing ratio was stable after 20 s and then av-
at a rate of 10 Hz and reported as 1's averages. eraged for 10 s for a total of 30 s per step. Following the final
calibration step, the calibration diversion valve was opened

3.2.1 In-flight calibration and after 10s the zero air flow was stopped, returning the
instrument to ambient sampling. The entire calibration se-
During MACPEX flights, the CIMS HO instrumentwas cal- quence required 640 s to complete; the calibration sequence
ibrated at mixing ratios ranging from 0.5-0.8 ppm (depend-without the single-point KO standard required 495 s. The re-
ing on the HO content of the individual flight zero air cylin-  sulting calibration curve from the calibration shown in Fig. 9,
der) to 153 ppm using the Pt-catalyzed ékidation system. including the single-point gravimetric standard, appears in
Calibrations were automatically performed every 42—-46 minFig. 10. The calibration curves determined by the in-flight
during a 4.5-6 h flight. Additional single-point calibrations calibrations were indistinguishable from those measured in
using the HO in zero air standard were conducted during calibrations on the ground (e.g., Fig. 6).
every other calibration sequence. Figure 9 shows a typical Ambient H,O mixing ratios were calculated using a lin-
in-flight calibration sequence including a calibration from the ear interpolation of the measured sensitivity curves between
single-point BHO standard. During a calibration sequence, aadjacent calibrations. The contribution of this interpolation
2500 sccm flow of zero air was added to the inlet, provid- to the uncertainty in the calculated mixing ratio at a given
ing ~ 1000 sccm overflow from the inlet opening to ensure point in time was estimated from the difference between the
no ambient air was sampled. After 30 s, a mass scan fronmixing ratios calculated at that point using the preceding and
m/z 16 tom/z43.5 was recorded to allow an assessment ofsubsequent calibrations, weighted by the inverse of the time
the stability of peak shape and position in the mass spectruminterval from each calibration. This results in a maximum
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contribution to the uncertainty from the interpolation at the Table 1. Summary of typical HO CIMS performance metrics dur-

midpoint between calibrations. ing the MACPEX campaign.

In order to verify that there were no unexpected differ-
ences between the sensitivity measured using zero air and the Sensitivity* ~ 2000 Hz pprit? (at 3 ppm)
sensitivity in ambient air, a standard addition test was con- Signal to noisé 32(1s, &, at3ppm)
ducted following every calibration sequence by adding the Quantification limit ~ 0.5-0.8 ppkh
H,/Pt-H,O calibration flow directly to the ambient air sam- Data rate 10Hz, averagedto 1s

Total uncertainty 9-11%
Response tinfe <3s
Calibrated range 0.5-153 ppm

ple to produce KHO mixing ratio increases of 1.2 ppm and
3.6 ppm. When the variance in ambient mixing ratios was
sufficiently low for the added kD amounts to be reliably

.. .. . Weight 220k
measured, the observed mixing ratio increase agreed with the Povx?er 29 k\?v
expected value to within 5%, indicating no systematic bias
in the Sensitivity due to calibrating in zero air. 2 Average over seven UT/LS flights in the MACPEX campaign. For the
L. . . . . . last two flights, re-optimization of the ion transmission optics in the
The mixing ratios of HO in the zero air and single-point mass spectrometer resulted in a factor of 1.9 increase in sensitivity and

Hzo cylinders were measured before and after each flight 1_.4 in_creastt)e in sigr_1&_1| tq noi§e.over the ya_lues obse_r\_/ed _duripgthe first
. . . five flights.? Quantification limit (lower limit of quantification) is set
using the MBW. The pre- and pOSt'ﬂ'ght values in all cases by the value of the lowest calibration point (zero afrlime required
were consistent withigc0.1 ppm. to reach 95 % (3-folding times) of the decay to the final value ]
following a step change down in mixing ratio at low-ppm mixing ratios.
3.2.2 Instrumental artifact
3.2.3 In-flight performance
Since the HO concentrations at the surface are so much
greater than in the UT/LS, an artifac&™ signal caused The CIMS HO instrument operated successfully on seven
by residual and/or outgassing@ in the instrument during science flights during the MACPEX campaign. A summary
flight is always a concern, especially for extractive analyti- of the typical performance metrics for the instrument is
cal techniques such as CIMS. As a consequence, effort washown in Table 1. The overall duty cycle of the measure-
expended to minimize exposure of the internal surfaces ofment, accounting for calibrations, was 0.68. Propagation of
the instrument to ambient air when the instrument was notuncertainties from all factors contributing to the calculation
in flight. Overnight prior to a flight, the main inlet line was of H,O mixing ratios (see Table 2) in flight yields a total
purged (see Fig. 1) with a smat-25 sccm) flow of zero air  measurement uncertainty ranging from 9 to 11 %. Statisti-
from an external cylinder in order to reduce exposure of thecally determined uncertainties were estimated at thie2el,
instrument flow system to ambient8. This purge flowwas and where the individual uncertainties are independent, the
maintained using the on-board zero air cylinder during in- uncertainties were combined in quadrature.
stallation and pre-flight, until the instrument received power One issue with sampling #D through an inlet line is the
on the aircraft, at which point the 2.5 slpm zero air flow to potential effect on the measurement response time6 H
the inlet began and continued through the instrument startugquilibration with inlet surfaces. The in situ calibrations of
sequence. These efforts were only partially successful in prethe CIMS instrument provide an opportunity to directly as-
venting infiltration of ambient KO into the instrument cal-  sess the inlet response time. The observe@Hsignals ex-
ibration and zero air flow paths.J® contamination in the hibit exponential decay behavior following sharp transitions
zero air and calibration lines caused the actugDmount  in H2O in the instrument inlet from addition of zero air or
delivered to the inlet line during the first and second cali- diversion of calibration gas away from the inlet. Analysis of
brations to be higher than the calculated value, resulting irthese transitions reveals that the time required to reach 95 %
an overestimate of the sensitivity and leading to a negativeof the decay to the final value ¢3folding times) is less than
bias in the calculated #0 mixing ratio. As a result, bD 3 s following an approximate step change of several ppm in
mixing ratios could not be accurately calculated for the firstH>,O at mixing ratios of a few ppm. The response time be-
~ 45 min of a flight due to uncertainty in the absolute value of comes significantly shorter with increasing mixing ratio, and
the calibration mixing ratios. The magnitude of this potential equilibration to step increases in@ is generally faster than
bias during subsequent portions of a flight was assessed bip similar decreases. The similarity in the inlet time constants
comparing the mixing ratios observed in flight for the@®1  observed for addition of zero air 3 cm from the sample point
standard to the values determined pre- and post-flight withand calibration gas added 15 cm from the sample point lends
the MBW. The excellent agreement (better than 5 %) foundconfidence that no significant hysteresis is induced by the
between the in-flight value measured by the CIMS and thesmooth inlet tubing, as expected from the materials tests de-
MBW determination indicated that there was not a signifi- scribed above.

cant bias in the CIMS measurement from@® contamina- The time series of D mixing ratios measured by CIMS
tion in the zero air and calibration lines after the first hour of during the MACPEX science flight on 25 April 2011 is
flight. shown in Fig. 11 along with the ambient pressure (inverted
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Fig. 9. In-flight calibration sequence from the flight on 23 April 2011. The small blue symbols arestB& ignal and the green trace is the
H»-generated HO calibration mixing ratio. The enumerated shaded regions in the plot denote zero air and calibration gas flow to the inlet.
Regions | and Il are zero air alone, region Il is the®standard, region IV is zero air plusHPt-HoO calibration flow, and region V is the
H,/Pt-H,O standard addition to ambient air. The spikes that appear in three of the calibration steps in region IV are caused by a burst in the
H» flow when the 3-way solenoid valves switch the calibration flows from the higher pressure in the dump line to the catalyst. The signal
from the bursts decays rapidly & 2 s) and does not affect the average value calculated during the last 10 s of the calibration step. The red
diamond denotes the averagg®i signal during the last 10 s of the)® standard, the black squares are the averag@'tsignal during

the last 10 s of each4Pt-H, O calibration step, and the green squares are the calculated absgitaiking ratios for the last 10 s of each
calibration step. The mass scan performed during the calibration resulted in the apparent data gap in region I.

0.02 10° scale). On this flight, the mixing ratios during the in-cloud
000 5 "09gB o © oo © ] measurement legs in the middle of the flight were below the
002 upper end of the CIMS calibration range {50 ppm) and
therefore could be quantified. During the final high-altitude

t Error

Fractional
E

10° ,"' < leg on the return to Ellington field, #D reached its mini-
¥ § 10° 3 mum value near 4.3 ppm just prior to final descent. Two fea-
E, 10" ‘% tures observed during this flight highlight the capabilities of
? . o the CIMS HO measurement and are shown in greater de-

tail in Figs. 12 and 13. First, the averaged 1s data and the
] raw 10 Hz data during a short in-cloud segment of this flight
T 10° j'Té.HI T are shown in Fig. 12. Significant structure in® on small
" Galibration 10 (oprm) 1 10 100 scales is clearly visible in the 10 Hz data (which corresponds
to ~20m spatial scale at aircraft speeds) that is not fully
Fig. 10. The plot on the left shows theg®™ signals from the cali-  represented in the 1s average values. This additional struc-
bration sequence shown in Fig. 9. The solid squares are 10s averagare demonstrates the fast response time of the instrument
values of the signal plotted against the®imixing ratio calculated g agmbient HO fluctuations at timescales of less than 1s.
forthe calibration steps. The open squares are the fractior)al residugthe inlet response time determined from step changes in zero
from the lower Hill equation fit (solid line) and the open diamonds air and calibration flows. discussed above. is a conservative
are the fractional residuals from the upper Hill equation fit (dashedestimate of the actual résponse time to arr’1bient fluctuations

line). The red diamond is the calibration point from the gravimet- id iati d th i t turat deplet
ric H,O standard, demonstrating the excellent agreement betweeR ''CE rapid variations do not have time o saturate or deplete

the gravimetric and icalibrations. The plot on the right shows the N€ FpO adsorbed to inlet surfaces (Li and Dylla, 1994). Sec-
calibration curves from all MACPEX flights. The blue curve is the ONnd, measured $O mixing ratios from the final high-altitude
calibration shown in Fig. 9, and the green curve is the laboratorysegment of the flight are plotted in Fig. 13 along witg O
calibration shown in Fig. 6. The upper set of calibration curves aremixing ratios measured by the NOAAzOnstrument (Gao
from the flights on 25 and 26 April, after the ion optics voltages et al., 2012). Over the period shown, the aircraft ascended
were re-optimized to increase the signal. from 13.9 to 16.9km and descended back to 13.9km. The

high precision of the CIMS bO measurement<(0.1 ppm)

allows the correlation in the structure between th®Hand

O3 mixing ratios to be clearly observed.

¢ H,0 standard

10—
6

Calibration H,O (ppm)
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Fig. 11.Time series of HO mixing ratios (blue) measured by the CIMS instrument and aircraft pressure altitude (black) from the MACPEX
science flight on 25 April 2011. The highlighted sections correspond to the segments shown in greater detail in Figs. 12 and 13.

Table 2. Summary of components of uncertainty for the®HCIMS 40
measurement during the MACPEX campaign. . -4 10 Hz data
1 - 1 s avg data
Source of uncertainty Uncertainty %]
H, standards <+2% ]
Zero air O content <+0.1ppm S ¥
Flow controller accuracy <*+3% T
H, catalytic conversion efficiency <—1% 1.
Calibration curve fitting <+2% %] MMM‘ A
Zero artifact <+0.1ppm ]
Interferences <:t0.5OA) 20—[‘I'I'I'WV[VI‘I'I‘l'[‘I'I‘I'I‘\'I'\'!'l'\'\'\‘!'l‘|'
Interpolation between calibrations < +4 % 20:09:10 20:09:15 20:09:20 20:09:25 20:09:30 20:09:35

- 20110425 (UTC)
Overall measurement uncertaifity 9-11 %

Fig. 12. Time series of CIMS HO 10 Hz data (red triangles) and
corresponding 1 s averages (blue diamonds) during sampling within
a cirrus cloud on the flight on 25 April 2011. The 10Hz data re-
veal additional structure in thed® mixing ratio on smaller spatial

4 Discussion scales { 20 m) than those resolved with the 1 s data200 m).

* At mixing ratios> 3 ppm observed during MACPEX.

A number of attempts have been made during the last decade
to determine the source(s) of the significant discrepancies obeombined with the consistency of the calibrations between
served among in situ UT/LS # measurements. Ground- laboratory and flight environments, provides significant con-
based comparisons and comparisons of laboratory calibrafidence in the measurements. These results show that in situ
tion standards have generally yielded better agreement thacalibration flows of HO can be accurately and routinely pro-
is observed in flight. These results indicate that there arevided in a physically challenging aircraft environment. We
unrecognized errors that arise in the measurements by somote that other in situ techniques incorporating extractive
or all of these instruments under the sampling conditions theysampling (e.g., Lymaw- photofragment fluorescence, tun-
experience in the UT/LS. A complication in determining the able diode laser absorption, and chilled mirror) could po-
sources of these errors is the lack of representative, in situentially adopt the CIMS calibration system. The calibra-
calibration and background determinations by any of the in-tion system that has been developed and deployed with the
struments under in-flight UT/LS sampling conditions. new CIMS HO instrument should provide a useful tool for
The success of the MACPEX deployment of the CIMS addressing issues of measurement accuracy and consistency
H20 instrument demonstrates the power of applying thisfrom flight to flight.
calibrated technique for the measurement of loyOHMIx- The CIMS H0 technique has a number of further advan-
ing ratios the UT/LS. The excellent agreement demonstratedages and some disadvantages. A primary advantage is the
here between two in situ calibration sources fgiCHmea-  potential for higher signal to noise (S/N) than is achieved
surements below 10 ppm in the UT/LS has no precedent andyith any other existing O measurement technique. During
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7 500 parameters, by doping or dynamically diluting the sample
d flow (e.g., with @ or Ny) to alter the relative importance

: of the different ionization pathways, or by using a typical
CIMS ionization scheme in which reagent ions are generated
and added to the sample flow instead of passing ambient flow

€ o
Q F @ .
g; F30 g through the ion source.
2 S
- 200 5 Conclusions
0] . F 100 A new CIMS technique has been successfully developed for
T ooss | amoo 2305 2340 the measurement of low-ppm mixing ratios 0f®l Ambi-

20110425 (UTC) ent sample air flow is directly exposeddeparticle radiation
Fig. 13. Measured HO mixing ratios (blue) on the flight on In acust_om lon sourcg gnd th_e resu_ltlngﬁH '9”5 are used
25 April 2011 in the lower stratosphere (13.9-16.9 km) showing the_tO quantify th? HO lelng ratio. This technique has t?eer?
excellent measurement precision at low mixing ratios. Also shownimplemented in a CIMS instrument capable of operating in
are coincident @ mixing ratios (red) measured by the NOAAZO unpressurized payload spacesona high-altitude research air-
instrument that display a correlated structure to that observed ircraft. Critical pressures and flows are tightly controlled to al-
H,0. low the instrument to operate identically in flight and on the

ground. The new CIMS is unique among current UT/LEH

the first aircraft flights the ionization source pressure Waslnstruments in that it includes a calibration system and con-

adiusted to achieve a hiah sensitivity and correspondinl ducts in-flight calibration with standard addition of known
d . € ang y : P 9 yHZO amounts. The consistency of in-flight and laboratory
high S/N while maintaining a useful dynamic range for the

UTILS region (1150 ppm). An increase in S/N by a factor calibrations demonstrates that the CIM3Hmeasurements

of 3 or more is easily achievable if reduced dynamic range isin the UT/LS were not subject to significant artifacts,
y y g The CIMS instrument flew on board the NASA WB-57F

acceptable. ng_her S/N could be useful for investigating ex during the 2011 MACPEX campaign and measuregDH
tremely dry regions of the atmosphere. Secondly, the ability " . . . . .

i mixing ratios as low as 3.5 ppm in the mid-latitude UT/LS.
to operate the detector under low-pressure conditions offer

Yhe instrument demonstrated excellent precisiog o) and

a significant advantage over other analytical techniques beﬁigh accuracy £ 10 %) across its total calibrated measure-

cause it provides the basis for a short response time and mini- St range of 1 to 150 ppm. Data were acquired at 10 Hz

mizes the potential for the outgassing artifact to influence the ) . .
. and averaged to 1 s. The high precision and fast time response
measurements. Thirdly, because the mass spectrometer de-

. . L allow use of the 10Hz data to resolve® fluctuations at
tection region is downstream and at significantly lower pres- . .
scales down to 20 m at typical aircraft speeds.

sure than the ion souic_e champer, outgas_smg into this region Using the new CIMS KO instrument for UT/LS measure-

does not produce #0D™ ions to interfere with the measure- ; . . . .

ment ments is expected to contribute to resolving the issues of dif-
: ferences among measurements in multiple instrument inter-

A potential disadvantage of the current CIMS instrument : . . -
. . . ; . comparisons by providing high precision measurements that
is its large size, weight, and power requirement, which pre- . ; o .
. . : . are directly calibrated in flight under UT/LS conditions.
clude its operation on many platforms, in particular many

unmanned aircraft. With current technology and optimiza-

tion of the instrument design for 0 measurements, these acknowledgementsThe authors thank the ground and air crews of
values could be reduced substantially. A disadvantage of thghe NASA WB-57F for their support during the MACPEX mission.
CIMS technique for HO measurements described here is This work was supported by funding from the NOAA Climate
the non-linearity of the sensitivity, which is a fundamental Program Office, the NASA Upper Atmosphere Research Program,
aspect of the ion-molecule chemistry arising from the di- the NASA Radiation Sciences Program, and the CIRES Innovative
rect ionization of the ambient sample. This aspect necessiResearch Program. CV was funded by HGF VH-NG-309.

tates multipoint calibrations across the entire range of mix-_ L

ing ratios to be quantified in order to maintain uniform accu- Edited by: M. Sipi&

racy. Adjustments to the geometry and operating potentials

of the ion source can have significant effects on the shape

of the sensitivity curve and might yield simpler functional

forms (e.g., power law) across the measurement range of in-

terest. It may also be possible that the sensitivity of CIMS to

H>0 could be rendered linear over the range of interest with

a different ion source geometry and/or different operating
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