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Abstract

A chemical ionization mass spectrometer (CIMS) instrument has been developed for
the fast, precise, and accurate measurement of water vapor (H2O) at low mixing ratios
in the upper troposphere and lower stratosphere (UT/LS). A low-pressure flow of sam-
ple air passes through an ionization volume containing an α-particle radiation source,5

resulting in a cascade of ion-molecule reactions that produce hydronium ions (H3O+)
from ambient H2O. The production of H3O+ ions from ambient H2O depends on pres-
sure and flow through the ion source, which were tightly controlled in order to maintain
the measurement sensitivity independent of changes in the airborne sampling envi-
ronment. The instrument was calibrated every 45 min in flight by introducing a series10

of H2O mixing ratios between 0.5 and 153 parts per million (ppm) generated by Pt-
catalyzed oxidation of H2 standards while overflowing the inlet with dry synthetic air.
The CIMS H2O instrument was deployed in an unpressurized payload area aboard
the NASA WB-57 high altitude research aircraft during the Mid-latitude Airborne Cirrus
Properties Experiment (MACPEX) mission in March and April 2011. The instrument15

performed successfully during seven flights, measuring H2O mixing ratios below 5 ppm
in the lower stratosphere at altitudes up to 17.7 km, and as low as 3.5 ppm near the
tropopause. Data were acquired at 10 Hz and reported as 1-s averages. In-flight cali-
brations demonstrated a typical sensitivity of 2000 Hzppm−1 at 3 ppm with a signal to
noise ratio (2σ, 1-s) greater than 32. The total measurement uncertainty was 9 to 11 %,20

derived from the uncertainty in the in situ calibrations.

1 Introduction

Water vapor in the lower stratosphere (LS) plays significant roles in both stratospheric
photochemistry and Earth’s radiation budget (Forster and Shine, 2002; Brasseur and
Solomon, 2005; Trenberth et al., 2007; Solomon et al., 2010) despite dehydration pro-25

cesses in the upper troposphere (UT) that reduce H2O mixing ratios to low part per
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million (ppm) levels. Over the past several decades there has been considerable sys-
tematic disagreement among in situ H2O measurements made by different instruments
at the low mixing ratios found in the UT/LS. These discrepancies have limited our un-
derstanding of the microphysics related to cirrus cloud particle nucleation and growth
which underlies the dehydration processes in the tropical UT that regulate H2O trans-5

port across the tropopause (Jensen et al., 2005, 2008; Peter et al., 2006; Krämer et al.,
2009), and which in turn limits our ability to determine and predict the effect of climate
changes on the radiatively important feedback from UT/LS H2O (Solomon et al., 2010;
Maycock et al., 2011).

H2O in the UT/LS is measured from aircraft and balloons using a variety of in10

situ techniques including Lyman-α photofragment fluorescence (e.g. Weinstock et al.,
1994; Zöger et al., 1999), tunable diode laser absorption spectrometry (e.g. May, 1998),
and chilled mirror hygrometry (e.g. Vömel et al., 2007). UT/LS H2O is also measured
remotely using Raman lidar from the ground (Leblanc et al., 2012) and differential ab-
sorption lidar (DIAL) from aircraft (Kiemle et al., 2008), and by satellite instruments15

such as the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) on
EnviSat (Milz et al., 2005) and the Microwave Limb Sounder (MLS) on Aura (Read et al.,
2001). One commonality among all current UT/LS H2O instruments is a lack of in situ
calibration. Instruments are typically calibrated on the ground before and after missions
or between individual flights, or by comparison to a reference method (e.g. direct ab-20

sorption) at lower altitudes with higher mixing ratios, and rely on assumed consistency
of instrumental background and sensitivity to apply the calibrations to flight conditions
in the UT/LS.

Significant effort has been expended to assess the accuracy of UT/LS H2O mea-
surements (Weinstock et al., 1994, 2009; Hintsa et al., 1999; Kley et al., 2000; Fahey25

et al., 2009). Both in-flight and laboratory comparisons have demonstrated persistent
differences among instruments at mixing ratios below 10 ppm, with significantly larger
differences observed in the UT/LS than in the laboratory. The in-flight differences have
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typically been much greater than the combined instrumental uncertainties, and indicate
the presence of unrecognized artifacts in some or all of the instruments.

To address these issues related to the accuracy of UT/LS H2O measurements, we
have developed a sensitive and specific chemical ionization mass spectrometry (CIMS)
technique for the measurement of H2O at low-ppm mixing ratios. We have adapted5

an existing CIMS instrument capable of operating on high-altitude research aircraft
to make measurements of UT/LS H2O. The instrument conducts in situ calibration
procedures during flight using two separate sources to ensure the accuracy of in-flight
measurements. The instrument has been successfully operated in the UT/LS aboard
the NASA WB-57 high-altitude research aircraft.10

2 Instrument description

2.1 General description

A schematic of the CIMS H2O instrument, including the principal components of the
sampling and calibration flow systems, is shown in Fig. 1. The instrument is a modifi-
cation of the CIMS instrument described by Neuman et al. (2000) previously used to15

measure nitric acid (HNO3) and hydrochloric acid (HCl) in the UT/LS. Minor changes
were made to the quadrupole mass spectrometer electronics to convert the instrument
from measuring negative ions to positive ions, the control software was rewritten to
allow greater flexibility in the autonomous operation sequence, the long flow tube was
replaced with a compact, custom ion source, and one of the four turbomolecular pumps20

was removed and replaced with a second molecular drag pump to provide low pres-
sure pumping for the ion source. Only one channel of the two-channel instrument was
converted for H2O measurements and the other channel was not operated. The NOAA
CIMS instrument was designed to function in the unpressurized and unheated fuselage
payload bay of the NASA WB-57F aircraft. A design principle of the instrument is to uti-25

lize highly regulated internal temperatures, pressures, and flows in order to produce an
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analytical measurement that is independent of changes in the sampling environment
during flight. The instrument operates and is calibrated identically in flight and in the
laboratory.

2.2 Inlet system

The CIMS H2O sampling point was located at the bottom of a pylon extending 40 cm5

below the aircraft fuselage pallet. The pylon is indicated in the schematic in Fig. 1,
and a drawing of the pylon showing the inlet flow control valve, zero air and calibration
valves, and the ion source appears in Fig. 2. This location places the sampling point
outside the aircraft boundary layer, which avoids possible contamination (i.e. artifact)
from outgassing of H2O from aircraft surfaces. Sample air is drawn through a 0.32 cm10

orifice at the tip of the inlet line, which consists of 0.46 cm ID electropolished stainless
steel tubing (WinTech 10, Winter Technologies). The ambient air flow past the sampling
point is set by a flow straightener and, hence, is perpendicular to the flow into the
inlet line, allowing for sampling of H2O vapor while rejecting cloud droplets and ice
crystals (Popp et al., 2004). The tip of the inlet is heated to ∼45 ◦C in order to prevent15

condensation on the inlet.
The first 5 cm length of the inlet line is enclosed in a heating mantle which heats the

ambient sample flow to 45 ◦C and the air within the pylon was maintained near 30 ◦C in
flight in order to keep all non-heated components near normal room temperatures. Dur-
ing calibration, dry synthetic air (zero air) is added to the inlet 3 cm from the sampling20

point through a 0.2 cm ID stainless steel tube brazed into the inlet tube. Calibration gas
is added through a second 0.2 cm ID tube brazed into the inlet tube 15 cm downstream
of the inlet tip. This arrangement ensures that all of the calibration gas sent to the inlet
flows into the instrument and allows for standard addition of H2O to the ambient air
sample as well as zero air.25
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2.2.1 Flow and pressure control

An essential feature of the inlet sample flow control is to maintain the pressure and
flow conditions in the ion source constant over a wide range of ambient pressures.
To achieve this control, three custom butterfly valves are used to hold the pressures
constant at the ion source inlet and within the ion source chamber. The valves are of5

a design similar to that described in Gao et al. (1999) that were developed for the HNO3
CIMS instrument (Neuman et al., 2000). The new valves are constructed of stainless
steel instead of the original Teflon® to minimize H2O adsorption on the valve surfaces.
The first butterfly valve (BV1, Fig. 1) controls the inlet flow to 1460 standard cubic cen-
timeters per minute (sccm) using the signal from a mass flow meter (Model AWM5101,10

Honeywell) located in the main inlet flow downstream of the pylon structure (MFM1,
Fig. 1). The second butterfly valve (BV2), located downstream of the pylon and the ion
source inlet, is servo controlled to maintain constant pressure in the inlet using the sig-
nal from the main flow pressure transducer (P1). The ion source pressure is controlled
by the third butterfly valve (BV3) that is servo controlled by the ion-source chamber15

pressure and pumped directly by a molecular drag pump (Drag Pump 2). The pres-
sure in the main inlet was controlled to 18.5±0.04 hPa while that in the ion source was
maintained at 1.6±0.01 hPa. This pressure difference produced a constant flow near
60 sccm through an 18 cm long, 0.18 cm ID electropolished stainless steel capillary into
the ion source. The pressures inside the inlet system and ion source were held con-20

stant to within their respective tolerances during flights while the aircraft operated over
a wide range of ambient pressures (600–80 hPa) and temperatures (280–195 K).

Minimizing the residence time of the ambient sample in the instrument inlet before it
reaches the ion source chamber also minimizes the response time of the instrument to
rapid variations in ambient H2O. The near-ambient pressure region of the inlet from the25

sampling point to the flow control valve (BV1) had a volume of 4.7 cm3 and presented
the dominant source of sample residence time. At the inlet sample flow rate (main
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flow+ ion source flow) of 1520 sccm, the resulting sample residence time was <0.1 s
at ambient pressures below 500 hPa.

2.2.2 Materials

Laboratory studies were performed using a prototype of the CIMS H2O instrument
to characterize different inlet line materials for their H2O desorption properties. A fast5

solenoid valve controlling H2O addition to the CIMS H2O sampling line was used to cre-
ate a sharp transition from ∼50 ppm to less than 1 ppm. The resulting decays were rea-
sonably well represented by a triple exponential function. Only small differences were
observed in the desorption time constants for 500 sccm flows through 50 cm lengths
of 0.64 cm OD electropolished stainless steel, fluoropolymer-coated (Fluoropel 504A-10

FS, Cytonix Corp.) stainless steel, borosilicate glass, PFA Teflon®, and Synflex 1300
(Eaton Corp.) tubing. The Teflon® tubing was observed to allow measurable H2O per-
meation and is therefore not a suitable material for measuring low ppm mixing ratios
of H2O. With the additional considerations of ease and flexibility of manufacturing and
minimization of trapped volume, the wetted inlet components were all constructed of15

electropolished stainless steel.

2.3 Ion source

In contrast to typical chemical ionization techniques for the measurement of atmo-
spheric trace species (e.g. Huey, 2007), no separate reagent ion flow was used for
detection of H2O in the new CIMS technique. Instead, a flow of sample air was di-20

rected through the ion source chamber and exposed directly to α particles emitted
from a radioactive source. The resulting cascade of ion-molecule reactions produced
protonated water ions (H3O+) as a stable end product, with the number of H3O+ ions
monotonically related to the H2O mixing ratio. Optimization of the ion source pressure
to achieve a balance between dynamic range and sensitivity (Hz ppm−1) to H2O re-25

quired operation at low pressure. The source pressure of less than a few hPa, required
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to prevent saturation of the H3O+ signal at a low H2O mixing ratio, is lower than is
typically used in CIMS instruments for atmospheric measurements (Huey, 2007). Stan-
dard 210Po ionization sources (Nuclecel, NRD Static Control, Inc.) that are often used
in CIMS instruments are designed to work at much higher pressures and flow rates
than optimal for the new CIMS design. To address this issue, a custom ion source was5

designed and constructed.
The custom ion source chamber, shown in Fig. 3, is a cylinder 3.2 cm long and 3.1 cm

ID with a 3.2 cm×9.6 cm 241Am foil (NRD Static Control, Inc.) mounted on the inner
surface. The total activity of the 241Am foil is 7.2 mCi, of which approximately 15 % is
emitted into the ion source volume (NRD Static Control, Inc., personal communication).10

The end cap of the ion source is comprised of two metal discs with circular openings,
separated by a thin insulating disk of plastic (Kel-F®). The inner disc is at the same
potential as the body of the ion source, while the outer disc is biased at a lower potential
to provide an attractive potential for the efficient extraction of positive ions from the
ion source chamber. The ion source housing was machined from a tungsten alloy to15

provide adequate shielding from the gamma rays co-emitted from the 241Am foil, and
then gold plated for inertness prior to installation of the foil.

In order to improve ion extraction from the ion source chamber, transmission of ions
into the mass spectrometer, and ion declustering, the ion source body and extraction
lens were maintained at positive potentials relative to the mass spectrometer entrance20

nosecone, which was held at ground potential. The ion source body was held at +140 V
relative to the nosecone and the extraction lens was held at +90 V. These voltages
produced a −50 V attractive potential to extract positive ions from the ion source and
a 70 V cm−1 field to accelerate the ions to the entrance to the mass spectrometer.

The custom 241Am ion source yielded a factor of 2 increase in total ion current over25

a 20 mCi commercial 210Po source when operating at pressures below 2 hPa and a flow
of 1000 sccm. This improved signal was maintained while operating with flows as low
as 30 sccm, for which almost no H3O+ signal was observed using the commercial 210Po
source.
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2.3.1 Ionization mechanism

The α particles emitted by the 241Am foil are energetic enough to ionize any molecule
they encounter on their passage across the ion source chamber, so the bulk of the ions
are initially formed from interaction with N2 and O2 (Takebe, 1974)

N2
α−→ N+

2 +e− (R1a)5

α−→ N+ +N+e− (R1b)

O2
α−→ O+

2 +e− (R2a)
α−→ O+ +O+e− (R2b)10

The N+
2 , N+ and O+ ions are rapidly converted to O+

2 with minor branches producing
stable NO+ ions. A small fraction of the N+

2 ions react with H2O to produce N2H+ ions,
which can subsequently react with an additional H2O molecule to produce H3O+. The
dominant channel for producing H3O+ is through a series of reactions beginning with15

the association of O+
2 with H2O (R3) or with another O2 molecule to form O+

4 (R4), which
can then form H3O+ clusters in a series of reactions involving multiple H2O molecules
(Fehsenfeld et al., 1971; Anicich, 2003):

O+
2 +H2O+M → O+

2 ·H2O+M (R3)

O+
2 +O2 +M → O+

4 +M (R4)20

O+
4 +H2O+M → O+

2 ·H2O+O2 +M (R5)

O+
2 ·H2O+H2O → H3O+ ·OH+O2 (R6)

H3O+ ·OH+H2O → H3O+ ·H2O+OH (R7)

This ion chemistry is similar to that occurring in the D region of the ionosphere (Fer-25

guson, 1974). The multi-step and multi-H2O nature of the reaction mechanism results
in a non-linear relationship between the H2O mixing ratio and number of H3O+ ions
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produced. The important role of three-body reactions (R3, R4, R5) in the ionization
mechanism leads to a large pressure dependence of the H3O+ product ion yield. Main-
taining a constant ion source pressure is thus critical in order to produce a consistent
measurement sensitivity.

The ion-molecule clusters are all dissociated by energetic ion-molecule collisions5

induced by the strong electric field used to accelerate the ions from the ion source into
the mass spectrometer, thereby converting all of the H3O+ ·OH and H3O+ · (H2O)n into
H3O+. The observed mass spectra for two example mixing ratios of H2O are shown
in Fig. 4. The well-defined H3O+ signal at mass-to-charge ratio (m/z) 19 is used to
quantify the H2O in the sample flow. The largely H2O-independent NO+ signal at m/z10

30 serves as a useful diagnostic for tracking the stability of the ion source and mass
spectrometer and the O+

2 signal at m/z 32 represents the majority of the ion current
at low H2O mixing ratios. The effective declustering of ions prior to entering the mass
spectrometer is demonstrated by the absence of any signal from H3O+ ·H2O at m/z
37.15

2.3.2 Interferences

Due to the relatively high abundance of H2O compared to most other atmospheric trace
gases in the UT/LS (especially those containing hydrogen atoms), significant chemical
interferences are not expected in the ionization scheme producing H3O+ as outlined
above. To quantify the potential effects on the H3O+ signal from the most abundant20

atmospheric trace species, laboratory experiments were conducted by adding O3, CO2
and CH4 along with H2O to dry (∼0.5 ppm H2O) synthetic zero air (Ultra Zero Air, Scott-
Marrin, Inc.). These mixtures were introduced into the CIMS H2O instrument and the
H3O+ signal response to H2O mixing ratio was observed as the mixing ratios of the
other species were varied. O3 at mixing ratios up to several ppm was found to have25

no effect on the measured H2O sensitivity. CH4 in the sample flow produced an H3O+

signal with approximately 1 % of the sensitivity to H2O. Adding 380 ppm CO2 to the
zero air resulted in a decrease in sensitivity to H2O of ∼10 %.
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Zero air containing mixing ratios of CO2 and CH4 similar to current ambient values,
380 ppmv and 1.8 ppmv, respectively, was found to yield a sensitivity to H2O indistin-
guishable from that obtained using a desiccated ambient air standard prepared by the
NOAA Earth System Research Lab Global Monitoring Division. To account for the CO2
and CH4 effects, the synthetic zero air used in the laboratory and in flight contained5

380 (±8) ppmv CO2 and 1.78 (±0.04) ppmv CH4 (Scott-Marrin, Inc.) to simulate ambi-
ent air concentrations.

2.4 Calibration system

Calibration of the CIMS H2O instrument in flight and in the laboratory was accom-
plished using two separate H2O sources. The primary calibration source was quanti-10

tative oxidation of H2 in zero air over a Pt catalyst to produce known mixing ratios of
H2O. The development and evaluation of this calibration source is described in detail
by Rollins et al. (2011). For calibration of the CIMS instrument, flows (0–20 sccm each)
from three H2 standards of different mixing ratios (303 ppm, 2588 ppm, and 2.069 %,
Scott-Marrin, Inc.) were combined with a 50 sccm flow of zero air and passed through15

a Pt catalyst. The catalyst was located in the inlet pylon so that the H2 was converted
to H2O immediately prior to the calibration flow being added to the sample flow. The
catalyst consisted of a 14 cm long, 0.22 cm ID Pt tube with two 2.5 cm×5 cm pieces
of 100 mesh Pt gauze (Sigma-Aldrich) rolled up and packed loosely inside. A 10 cm
long copper block containing a cartridge heater was clamped around the Pt tube and20

the assembly insulated with rigid silica foam. The catalyst was maintained at a con-
stant temperature of 180 ◦C, which results in quantitative oxidation (>99 %) of the H2
in the flow to H2O (Rollins et al., 2011). A 100 µm orifice at the exit of the catalyst tube
maintained the pressure in the catalyst at greater than 1000 hPa, independent of the
lower sample line pressure. In the primary procedure for instrument calibration in flight25

and in the laboratory, the calibration flow from the catalyst containing H2O was added
to a sample flow of zero air with known residual H2O, thereby producing accurately
known H2O mixing ratios in the instrument.
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The secondary calibration source was a gravimetrically-prepared H2O-in-zero-air
standard. The cylinder zero air balance gas contained CO2 and CH4 as described
above for the sample-flow zero air. The H2O standard was stored in a 34 L electropol-
ished stainless steel cylinder (Essex Industries) in which low H2O mixing ratios have
been shown in NOAA tests to be stable to within a few percent for periods of up to5

several years. A subsample from this cylinder was transferred to a 4.5 L electropol-
ished stainless steel cylinder (Essex Industries) in the instrument for use during flight.
A 2500 sccm flow from this standard was delivered to the inlet line using valve V2 in
Fig. 1 in place of zero air or ambient sample, thereby producing an independent, abso-
lute, single calibration point that could be used to confirm the accuracy of the multipoint10

dynamic-dilution H2 catalyst calibration in flight.
In order to maintain flow through the calibration system while not adding calibration

gas to the inlet, and to minimize dead volume and wetted surface area in the calibration
line, the H2/Pt H2O calibration flow is diverted from the inlet to the instrument vacuum
pump by means of a tee and 2-way valve (V3) when it is not needed. The diverted15

calibration flow passes through a mass flow controller, which is set to also take a small
amount (<50 sccm) of air from the sample line to ensure complete diversion of the
calibration flow. Switching this valve allows the calibration gas to be rapidly added or
removed from the sample flow.

The calibration flows were controlled using Bronkhorst EL-Flow thermal mass flow20

controllers (Bronkhorst High-Tech B.V., The Netherlands). Previous experience with
thermal mass flow controllers aboard unpressurized high altitude aircraft has indicated
that errors in the reported flow could result from operation at low ambient pressure
external to the flow controller. In laboratory tests, the Bronkhorst flow controllers used
in the CIMS instrument were found to be insensitive (<−1 % deviation) to external25

ambient pressure at pressures down to 80 hPa, which was the lowest pressure reached
in the WB-57 payload bay. At lower pressures, larger errors in the reported flow were
observed, reaching −10 % at 22.5 hPa and −25 % at the lowest pressure tested of
17 hPa.
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3 Instrument performance

3.1 Laboratory evaluation

3.1.1 Sensitivity

The multiple reaction paths and multiple steps in the ionization mechanism leading to
the production of H3O+ result in a non-linear response to H2O in the CIMS instrument5

(Fig. 5). At low mixing ratios (<10 ppm), H2O is the limiting reagent in multiple steps
in the ionization mechanism and, thus, the sensitivity is greater than first order in H2O.
At higher mixing ratios (>10 ppm), the availability of O+

2 becomes limiting and the sen-
sitivity begins to decrease with increasing H2O. The combination of these two effects
leads to an overall sigmoidal shape to the instrument sensitivity function. The ionization10

mechanism also involves three-body reactions and therefore the sensitivity is a strong
function of the ion source pressure. With the active control of the pressure in the ion
source to within ±0.01 hPa, no sensitivity changes due to pressure variations could be
detected.

Due to the non-linearity of the instrument response, the calibration of instrument15

sensitivity to H2O requires the addition of multiple H2O mixing ratios spanning the
measurement range of interest in the ambient atmosphere. Further, a means of in-
terpolating between the individual calibration points is necessary to provide a smooth
function of the sensitivity over the mixing ratio range. Several different interpolation ap-
proaches were considered, including linear and spline interpolation and curve fitting20

using a number of different equations. The shape of the response curve suggested the
use of a sigmoidal function, and the best results, as measured by fit residual to omitted
data points, were achieved using overlapping, piecewise fitting with Hill’s equation to
the lower and upper portions of the curve. The formulation of Hill’s equation used is

y (x) = y0 + (ymax − y0)
[
1+

(
xhalf/x

)p]−1
(1)25
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where the fit parameters are: y0, the base value of the function, ymax, the maximum
value, xhalf, the x value corresponding to the mid-point between y0 and ymax, and p,
a rate coefficient. With these fits, the maximum residual error observed was less than
3 % in all cases, and typically less than 2 %. Values in the overlap region between the
upper and lower curve fits were calculated by a weighted average of the two fits in order5

to produce a smooth transition. The differences between the fits were typically <1 %.
An example of the instrument H3O+ signal as a function of H2O mixing ratio is shown
in Fig. 5 for a laboratory calibration. The merged Hill equation fit and uncertainty in the
curve fit appear in the plot as the dashed line and grey shaded region. Figure 6 shows
the derived sensitivity (H3O+/H2O in Hz ppm−1) of the instrument as a function of H2O10

mixing ratio.

3.1.2 Background artifact

Conceptually, the CIMS H2O background artifact is the apparent H2O mixing ratio that
would be calculated from the instrument signal if there were no H2O present in the
sample flow entering the instrument. Such an artifact could potentially arise from leaks15

into the system, outgassing of H2O from inlet surfaces, or spurious production of H3O+

in the ion source (e.g. from CH4). To determine this background artifact, completely
desiccated sample air could be introduced into the inlet and the resulting signal ob-
served. This approach would be most useful for determining the artifact arising from
a leak or a chemical source, since the associated H3O+ signals are not expected to20

change over time following the addition of desiccated air, and should be representative
of the artifact contribution to the overall signal while sampling ambient air. However,
due to the equilibrium nature of surface-adsorbed H2O and the long effective time con-
stant for the outgassing of adsorbed H2O at low concentrations (Li and Dylla, 1994;
Dobrozemsky et al., 2007), the H3O+ signal arising from outgassing H2O would be25

a slowly decreasing value rather than constant in time. The artifact value determined
for H2O outgassing into dessicated air would not be directly applicable for determin-
ing the desorption contribution to the artifact in ambient air since both the magnitude
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and time constant of the decaying signal would be a function of the H2O in the sample
flow. Hence, adding desiccated air is not necessarily an effectual approach for deter-
mining the contribution to the instrument signal from desorbing H2O at ambient H2O
values. For our CIMS inlet system, we argue that a better and more effective approach
is to conduct a multi-point calibration with at least one calibration point at a mixing ratio5

lower than the lowest expected ambient value. In this way, any background artifact con-
tributes to the H3O+ signal during the calibration process in the same manner as it does
when sampling ambient air. Thus, a background artifact is automatically accounted for
in the CIMS H2O sensitivity calculation without explicit knowledge of the artifact value.
For the CIMS H2O measurement, the lowest calibration mixing ratio was that of the10

zero air, with a value between 0.5 and 0.8 ppm. At these mixing ratios, a stable H3O+

signal could be achieved in a reasonable time (<60 s), even starting from mixing ratios
of several hundred ppm.

3.1.3 Accuracy

The primary standard used to evaluate the accuracy of the CIMS H2O measurement15

was a NIST-traceable, reference chilled mirror hygrometer (model 373LX, MBW Cal-
ibration Ltd.). The MBW model 373LX (MBW hereafter) has a lower limit frost point
temperature of −95 ◦C and a stated accuracy of ±0.1 ◦C. At 1 atm pressure this trans-
lates to a minimum detectable mixing ratio of less than 0.04 ppm, and an uncertainty
of ±0.08 ppm (<2 %) at 5 ppm. The MBW was used to show routinely in the laboratory20

that the two calibration sources used in flight, namely, Pt-catalyzed H2 oxidation and
the single-point H2O standard, were accurate to within a few percent.

In practice, the ultimate accuracy of the CIMS H2O measurement was evaluated in
the laboratory by simultaneous measurement of a range of H2O mixing ratios with the
MBW and CIMS sampling from a common manifold. During these intercomparisons,25

the CIMS instrument was operated and calibrated using the same calibration and data
reduction procedures as used in flight. The CIMS measurement exhibited agreement
better than 3 % over a wide mixing ratio range, as is shown in an example in Fig. 7.
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3.1.4 Precision

The precision of the CIMS measurement was evaluated by comparing the observed
standard deviation in the H3O+ signal while sampling a flow with constant H2O mix-
ing ratio to the value expected from Poisson statistics for pulse-counting noise in the
mass spectrometer electron multiplier. The observed ratio was <1.2, indicating that5

there were no significant additional sources of instrument noise. The observed instru-
ment precision (2σ, 1 s) at 3 ppm was <0.07 ppm, or ∼2 %. Precision contributed only
slightly to the overall measurement uncertainty.

3.1.5 Uncertainty

The uncertainty of the CIMS measurement of H2O mixing ratio is tied directly to the10

accuracy of the H2O amounts delivered 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 uncertainty in the mixing ratios of
H2 and H2O in the calibration flow and zero air, the uncertainty in the efficiency of
the Pt catalyst in converting H2 to H2O, the error in the curve fit representation of the15

calibration data, and the uncertainty arising from interpolating the sensitivity between
calibrations.

3.2 Operation on the NASA WB-57 during MACPEX

During the Mid-latitude Airborne Cirrus Properties Experiment (MACPEX) campaign,
the CIMS instrument was flown in the fourth (aft-most) pallet position on the WB-57.20

The instrument operated fully autonomously following instrument power-on from the
cockpit. The instrument pumps were turned on to begin instrument flow and pump-
down of the vacuum chamber when the aircraft passed a pressure level of 600 hPa
(approximately 4 km) during initial ascent. Data acquisition began as soon as the vac-
uum chamber reached operating pressure for the electron multiplier (<10−5 hPa). The25
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instrument operated throughout the flight following a programmed measurement and
calibration sequence and shut down when the aircraft descended past 600 hPa. The
quadrupole mass filter was set to transmit H3O+ ions for 9 s, followed by NO+ and O+

2
for 0.5 s each. Data were acquired at a rate of 10 Hz and reported as 1 s averages.

3.2.1 In-flight calibration5

During MACPEX flights, the CIMS H2O instrument was calibrated at mixing ratios
ranging from 0.5–0.8 ppm (the H2O content of the zero air) to 153 ppm using the Pt-
catalyzed H2 oxidation system. Calibrations were automatically performed every 42–
46 minutes during a 4.5–6 h flight. Additional single point calibrations using the H2O in
zero air standard were conducted during every other calibration sequence. Figure 810

shows a typical in-flight calibration sequence including a calibration from the single-
point H2O standard. During a calibration sequence, a 2500 sccm flow of zero air was
added to the inlet, providing ∼1000 sccm overflow from the inlet opening to insure
no ambient air was sampled. After 30 s, a mass scan from m/z 16 to m/z 43.5 was
recorded to allow an assessment of the stability of peak shape and position in the mass15

spectrum. After 90 s, the flow of zero air was replaced with a 2500 sccm flow from the
H2O cylinder for 120 s in order to ensure a stable signal. Following the H2O standard
measurement, the zero air flow to the inlet was resumed. 60 s later, the calibration flow
diversion valve (V3 in Fig. 1) was closed so that flow from the H2 oxidation system
was added to the zero air in the sample flow. The H2 calibration standard flows were20

adjusted in a series of 11 steps in order to generate increasing mixing ratios from 0.8
(zero air only) to ∼153 ppm. In each step, the new mixing ratio was stable after 20 s and
then averaged for 10 s for a total of 30 s per step. Following the final calibration step,
the calibration diversion valve was opened and after 10 s the zero air flow was stopped,
returning the instrument to ambient sampling. The entire calibration sequence required25

640 s to complete; the calibration sequence without the single-point H2O standard re-
quired 495 s. The resulting calibration curve from the calibration shown in Fig. 8, in-
cluding the single-point gravimetric standard, appears in Fig. 9. The calibration curves

398

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/381/2013/amtd-6-381-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/381/2013/amtd-6-381-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 381–422, 2013

Measurement of
low-ppm mixing

ratios of water vapor

T. D. Thornberry et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

determined by the in-flight calibrations were indistinguishable from those measured in
calibrations on the ground (e.g. Fig. 5).

Ambient H2O mixing ratios were calculated using a linear interpolation of the mea-
sured sensitivity curves between adjacent calibrations. The contribution of this inter-
polation to the uncertainty in the calculated mixing ratio at a given point in time was5

estimated from the difference between the mixing ratios calculated at that point using
the preceding and subsequent calibrations, weighted by the inverse of the time interval
from each calibration. This results in a maximum contribution to the uncertainty from
the interpolation at the midpoint between calibrations.

In order to verify that there were no unexpected differences between the sensitivity10

measured using zero air and the sensitivity in ambient air, a standard addition test was
conducted following every calibration sequence by adding the H2 Pt/H2O calibration
flow directly to the ambient air sample in quantities to that produced H2O mixing ratio
increases of 1.2 ppm and 3.6 ppm. When the variance in ambient mixing ratios was suf-
ficiently low for the added H2O amounts to be reliably measured, the observed mixing15

ratio increase agreed with the expected value to within 5 %, indicating no systematic
bias in the sensitivity due to calibrating in zero air.

The mixing ratios of H2O in the zero air and single-point H2O cylinders were mea-
sured before and after each flight using the MBW. The pre- and post-flight values in all
cases were consistent within ±0.1 ppm.20

3.2.2 Instrumental artifact

Since the H2O concentrations at the surface are so much greater than in the UT/LS,
an artifact H3O+ signal caused by residual parasitic H2O in the instrument during flight
is always a concern. As a consequence, effort was expended to minimize exposure of
the internal surfaces of the instrument to ambient air when the instrument was not in25

flight. Overnight prior to a flight, the main inlet line was purged (see Fig. 1) with a small
(∼25 sccm) flow of zero air from an external cylinder in order to reduce exposure of
the instrument flow system to ambient H2O. This purge flow was maintained using the
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on-board zero air cylinder during installation and pre-flight, until the instrument received
power on the aircraft, at which point the 2.5 slpm zero air flow to the inlet began and
continued through the instrument startup sequence. These efforts were only partially
successful in preventing infiltration of ambient H2O into the instrument calibration and
zero air flow paths. H2O contamination in the zero air and calibration lines caused the5

actual H2O amount delivered to the inlet line during the first and second calibrations
to be higher than the calculated value, resulting in an overestimate of the sensitivity
and leading to a negative bias in the calculated H2O mixing ratio. As a result, H2O
mixing ratios could not be accurately calculated for the first ∼45 min of a flight due to
uncertainty in the absolute value of the calibration mixing ratios. The magnitude of this10

potential bias during subsequent portions of a flight was assessed by comparing the
mixing ratios observed in-flight for the H2O standard to the values determined pre- and
post-flight with the MBW. The excellent agreement (better than 5 %) found between the
in-flight value measured by the CIMS and the MBW determination indicated that there
was not a significant bias in the CIMS measurement from H2O contamination in the15

zero air and calibration lines after the first hour of flight.

3.2.3 In-flight performance

The CIMS H2O instrument operated successfully on seven science flights during the
MACPEX campaign. A summary of the typical performance metrics for the instrument
is shown in Table 1. The overall duty cycle of the measurement, accounting for calibra-20

tions, was 0.68. Propagation of uncertainties from all factors contributing to the calcu-
lation of H2O mixing ratios (see Table 2) in flight yields a total measurement uncertainty
ranging from 9 to 11 %. Statistically determined uncertainties were estimated at the 2σ
level, and where the individual uncertainties are independent, the uncertainties were
combined in quadrature.25

One issue with sampling H2O through an inlet line is the potential effect on the mea-
surement response time of H2O adsorption on inlet surfaces. The in situ calibrations of
the CIMS instrument provide an opportunity to directly assess the inlet response time.
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The observed H3O+ signals exhibit exponential decay behavior following sharp transi-
tions in H2O in the instrument inlet from addition of zero air or diversion of calibration
gas away from the inlet. Analysis of these transitions reveals that the time required to
reach 95 % of the decay to the final value (3 e-folding times) is less than 3 s following
an approximate step change of several ppm in H2O at mixing ratios of a few ppm. The5

response time becomes significantly shorter with increasing mixing ratio and equilibra-
tion to step increases in H2O is generally faster than to similar decreases.

The time series of H2O mixing ratios measured by CIMS during the MACPEX sci-
ence flight on 25 April 2011 is shown in Fig. 10 along with the ambient pressure (in-
verted scale). On this flight, the mixing ratios during the in-cloud measurement legs10

in the middle of the flight were below the upper end of the CIMS calibration range
(∼150 ppm) and therefore could be quantified. During the final high-altitude leg on the
return to Ellington field, H2O reached its minimum value near 4.3 ppm just prior to final
descent. Two features observed during this flight highlight the capabilities of the CIMS
H2O measurement and are shown in greater detail in Figs. 11 and 12. First, the aver-15

aged 1 s data and the raw 10 Hz data during a short in-cloud segment of this flight are
shown in Fig. 11. Significant structure in H2O on small scales is clearly visible in the
10 Hz data (which corresponds to ∼20 m spatial scale at aircraft speeds) that is not
fully represented in the 1s average values. This additional structure demonstrates the
fast response time of the instrument to ambient H2O fluctuations at timescales of less20

than 1 s. The inlet response time determined from step changes in zero air and cali-
bration flows, discussed above, is a conservative estimate of the actual response time
to ambient fluctuations since rapid variations don’t have time to saturate or deplete the
H2O adsorbed to inlet surfaces (Li and Dylla, 1994). Second, measured H2O mixing ra-
tios from the final high-altitude segment of the flight are plotted in Fig. 12 along with O325

mixing ratios measured by the NOAA O3 instrument (Gao et al., 2012). Over the period
shown, the aircraft ascended from 13.9 km to 16.9 km and descended back 13.9 km.
The high precision of the CIMS H2O measurement (<0.1 ppm) allows the correlation
in the structure between the H2O and O3 mixing ratios to be clearly observed.
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4 Discussion

A number of attempts have been made during the last decade to determine the
source(s) of the significant discrepancies observed among in situ UT/LS H2O measure-
ments. Ground-based comparisons and comparisons of laboratory calibration stan-
dards have generally yielded better agreement than is observed in flight. These results5

indicate that there are unrecognized errors that arise in the measurements by some or
all of these instruments under the sampling conditions they experience in the UT/LS.
A complication in determining the sources of these errors is the lack of representa-
tive, in situ, calibration and background determinations by any of the instruments under
in-flight UT/LS sampling conditions.10

The success of the MACPEX deployment of the CIMS H2O instrument demonstrates
the power of applying this calibrated technique for the measurement of low H2O mix-
ing ratios the UT/LS. The excellent agreement demonstrated here between two in situ
calibration sources for H2O measurements below 10 ppm in the UT/LS has no prece-
dent, and combined with the consistency of the calibrations between laboratory and15

flight environments provides significant confidence in the measurements. These re-
sults show that in situ calibration flows of H2O can be accurately and routinely provided
in a physically challenging aircraft environment. We note that other in situ techniques
incorporating extractive sampling (e.g. Lyman-α photofragment fluorescence, tunable
diode laser absorption, and chilled mirror) could potentially adopt the CIMS calibration20

system. The calibration system that has been developed and deployed with the new
CIMS H2O instrument should provide a useful tool for addressing issues of measure-
ment accuracy and consistency from flight to flight.

The CIMS H2O technique has a number of further advantages and some disad-
vantages. A primary advantage is the potential for higher signal-to-noise (S/N) than25

is achieved with any other existing H2O measurement technique. During the first air-
craft flights the ionization source pressure was adjusted to achieve S/N while main-
taining a useful dynamic range for the UT/LS region (1–150 ppm). An increase in S/N
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by a factor of 3 or more is easily achievable if reduced dynamic range is acceptable.
Higher S/N could be useful for investigating extremely dry regions of the atmosphere.
Secondly, the ability to operate the detector under low-pressure conditions offers a sig-
nificant advantage over other analytical techniques because it provides the basis for
a short response time and minimizes the potential for outgassing artifact to influence5

the measurements. Thirdly, because the mass spectrometer detection region is down-
stream and at significantly lower pressure than the ion source chamber, outgassing
into this region does not produce H3O+ ions to interfere with the measurement. Thus,
H2O leaks into most of the instrument are not expected to result in an artifact response.

A potential disadvantage of the current CIMS instrument is its large size, weight, and10

power requirement, which preclude its operation on many platforms, in particular many
unmanned aircraft. With current technology and optimization of the instrument design
for H2O measurements, these values could be reduced substantially. A disadvantage
of the CIMS technique for H2O measurements described here is the non-linearity of the
sensitivity, which is a fundamental aspect of the ion-molecule chemistry arising from the15

direct ionization of the ambient sample. This aspect necessitates multipoint calibrations
across the entire range of mixing ratios to be quantified in order to maintain uniform
accuracy. 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 interest. It may20

also be possible that the sensitivity of CIMS to H2O could be rendered linear over
the range of interest with a different source geometry and operating parameters, 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 through the ion source.

5 Conclusions25

A new CIMS technique has been successfully developed for the measurement of low-
ppm mixing ratios of H2O. Ambient sample air flow is directly exposed to α-particle
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radiation in a custom ion source and the resulting H3O+ ions are used to quantify the
H2O mixing ratio. This technique has been implemented in a CIMS instrument capa-
ble of operating in unpressurized payload spaces on a high-altitude research aircraft.
Critical pressures and flows are tightly controlled to allow the instrument to operate
identically in flight and on the ground. The new CIMS is unique among current UT/LS5

H2O instruments in that it includes a calibration system and conducts in-flight calibra-
tion with standard addition of known H2O amounts. The consistency of in-flight and
laboratory calibrations demonstrates that the CIMS H2O measurements in the UT/LS
were not subject to significant artifacts.

The CIMS instrument flew on board the NASA WB-57 during the 2011 MACPEX10

campaign and measured H2O mixing ratios as low as 3.5 ppm in the mid-latitude
UT/LS. The instrument demonstrated excellent precision (<2 %) and high accuracy
(∼10 %) across its total calibrated measurement range of <1 to 150 ppm. Data were
acquired at 10 Hz and averaged to 1 s. The high precision and fast time response allow
use of the 10 Hz data to resolve H2O fluctuations at scales down to 20 m at typical15

aircraft speeds.
Using the new CIMS H2O instrument for UT/LS measurements is expected to con-

tribute to resolving the issues of differences among measurements in multiple instru-
ment intercomparisons by providing high precision measurements that are directly cal-
ibrated in flight under UT/LS conditions.20
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support during the MACPEX mission. This work was supported by funding from the NOAA
Climate Program Office, the NASA Upper Atmosphere Research Program, the NASA Radiation
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Vömel, H., David, D. E., and Smith, K.: Accuracy of tropospheric and stratospheric water vapor
measurements by the cryogenic frost point hygrometer: instrumental details and observa-30

tions, J. Geophys. Res., 112, D08305, doi:10.1029/2006JD007224, 2007.
Weinstock, E. M., Hintsa, E. J., Dessler, A. E., Oliver, J. F., Hazen, N. L., Demusz, J. N.,

Allen, N. T., Lapson, L. B., and Anderson, J. G.: New fast response photofragment fluo-

407

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/381/2013/amtd-6-381-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/381/2013/amtd-6-381-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2005JD005973
http://dx.doi.org/10.1029/2003JD004255
http://dx.doi.org/10.5194/amt-4-2059-2011
http://dx.doi.org/10.1029/2006JD007224


AMTD
6, 381–422, 2013

Measurement of
low-ppm mixing

ratios of water vapor

T. D. Thornberry et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

rescence hygrometer for use on the NASA ER-2 and the Perseus remotely piloted aircraft,
Rev. Sci. Instrum., 65, 3544–3554, doi:10.1063/1.1144536, 1994.

Weinstock, E. M., Smith, J. B., Sayres, D. S., Pittman, J. V., Spackman, J. R., Hintsa, E. J.,
Hanisco, T. F., Moyer, E. J., St. Clair, J. M., Sargent, M. R., and Anderson, J. G.:
Validation of the Harvard Lyman-α in situ water vapor instrument: implications for the5

mechanisms that control stratospheric water vapor, J. Geophys. Res., 114, D23301,
doi:10.1029/2009JD012427, 2009.
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Table 1. Summary of typical H2O CIMS performance metrics during the MACPEX campaign.

Sensitivitya ∼2000 Hzppm−1 (at 3 ppm)
Signal to noisea 32 (1 s, 2σ, at 3 ppm)
Detection limit 0.5–0.8 ppm (lowest calibration point)
Data rate 10 Hz, averaged to 1 s
Total uncertainty 9–11 %
Response timeb <3 s
Calibrated range 0.5–153 ppm
Weight 220 kg
Power 2.2 kW

a Average over seven UT/LS flights in the MACPEX campaign. For the last
two flights, re-optimization of the ion transmission optics in the mass
spectrometer resulted in a factor of 1.9 increase in sensitivity and 1.4
increase in signal to noise over the values observed during the first five
flights.
b Time required to reach 95 % (3 e-folding times) of the decay to the final
value following a step change down in mixing ratio at low-ppm mixing
ratios.
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Table 2. Summary of components of uncertainty for the H2O CIMS measurement during the
MACPEX campaign.

Source of uncertainty Uncertainty

H2 standards <±2 %
Zero air H2O content <±0.1 ppm
Flow controller accuracy <±3 %
H2 catalytic conversion efficiency <–1 %
Calibration curve fitting <±2 %
Zero artifact <+0.1 ppm
Interferences <±0.5 %
Interpolation between calibrations <±4 %
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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 mea-
sured 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 is the H2O
standard delivery valve, and V3 is the H2/Pt-H2O calibration diversion valve. Mass flow con-
troller flows or flow ranges during operation are specified. NO and NC denote normally open
and normally closed solenoid valves.
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Fig. 2. Model of the CIMS H2O inlet pylon showing the inlet geometry and components of the
flow and calibration system. Ambient air enters the instrument through the sample point (A) in
the center of the thin flow straightener plate at the bottom of the pylon. The zero air addition
point (B) is located 3 cm downstream of the sample point. The principal calibration source is
H2O produced by H2 oxidation in a Pt catalyst (C), which is added to the inlet flow (D) 15 cm
from the sample point. A custom butterfly valve (E) maintains a constant mass flow through
the inlet independent of the ambient pressure. A small fraction of the sample flow is extracted
through a stainless steel capillary (F) and flows into the ion source (G). Ions produced in the
ion source enter the mass spectrometer (not shown) through the entrance nosecone (H). A fan
and heater (I) are used to heat the interior of the pylon to near 30 ◦C during flight.
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Fig. 3. Custom ion source for the CIMS H2O measurement. Air enters the ion source chamber
through a capillary connected to the fitting (A) at the bottom. The 241Am foil is located on the
inside of the ion source chamber (B), which is held at a +140 V potential with respect to ground.
Positive ions formed inside the chamber are extracted through the exit lens (C) by applying
a +90 V potential to the lens (−50 V relative to the chamber). The ions exit the chamber directly
in front of the entrance nosecone of the mass spectrometer (D), which is held near ground
potential. Air flowing through the ion source chamber is pumped away through port (E) on the
vacuum can, while the pressure is monitored through a smaller port (F).
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Fig. 4. Observed mass spectra with 0.9 (red) and 2.2 (blue) ppm H2O in the sample flow. The
complete declustering of ions entering the mass spectrometer is demonstrated by the absence
of a peak corresponding to H3O+ ·H2O at m/z 37.
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Fig. 5. CIMS calibration curve showing the non-linearity of the response to H2O. 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 represents the experimental
uncertainty in the fit.
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Fig. 6. The sensitivity of the CIMS measurement as a function of the H2O 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.
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Fig. 7. Comparison of CIMS measured H2O mixing ratios to MBW measured mixing ratios in
a laboratory experiment. The black dashed line is the 1 : 1 line and the weighted, orthogonal
linear regression fit to the data (red line) is CIMS = 0.06 (±0.05)+0.98 (±0.01) × MBW.
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Fig. 8. In-flight calibration sequence from the flight on 23 April 2011. The small blue symbols
are the H3O+ signal and the green trace is the H2-generated H2O calibration mixing ratio.
The shaded regions in the plot denote zero air and calibration gas flow to the inlet. Regions I
and III are zero air alone, region II is the H2O standard, region IV is zero air plus H2/Pt H2O
calibration flow, and region V region is the H2/Pt H2O standard addition to ambient air. The red
diamond denotes the average H3O+ signal during the last 10 s of the H2O standard, the black
squares are the average H3O+ signal during the last 10 s of each H2/Pt-H2O calibration step,
and the green squares are the calculated absolute H2O mixing 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.
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Fig. 9. H3O+ signal from the calibration sequence shown in Fig. 8. The solid squares are 10 s
average values of the signal plotted against the H2O mixing ratio calculated for the calibration
steps. The open squares are the fractional residual from the lower Hill equation fit (solid line)
and the open diamonds are the fractional residuals from the upper Hill equation fit (dashed line).
The red diamond is the calibration point from the gravimetric H2O standard, demonstrating the
excellent agreement between the gravimetric and H2 calibrations.
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Fig. 10. Time series of H2O 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. 11 and 12.
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Fig. 11. Time series of CIMS H2O 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 10 Hz
data reveal additional structure in the H2O mixing ratio on smaller spatial scales (∼20 m) than
those resolved with the 1 s data (∼200 m).
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Fig. 12. Measured H2O mixing ratios (blue) on the flight on 25 April 2011 in the lower strato-
sphere (13.9–16.9 km) showing the excellent measurement precision at low mixing ratios. Also
shown are coincident O3 mixing ratios (red) measured by the NOAA O3 instrument that display
a correlated structure to that observed in H2O.
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