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Abstract. The recently developed NOAA Water instrument
is a two-channel, closed-path, tunable diode laser absorp-
tion spectrometer designed for the measurement of upper tro-
posphere/lower stratosphere water vapor and enhanced total
water (vapor + inertially enhanced condensed phase) from
the NASA Global Hawk unmanned aircraft system (UAS)
or other high-altitude research aircraft. The instrument uti-
lizes wavelength-modulated spectroscopy with second har-
monic detection near 2694 nm to achieve high precision with
a 79 cm double-pass optical path. The detection cells are op-
erated under constant temperature, pressure, and flow condi-
tions to maintain a constant sensitivity to H,O independent of
the ambient sampling environment. An onboard calibration
system is used to perform periodic in situ calibrations to ver-
ify the stability of the instrument sensitivity during flight. For
the water vapor channel, ambient air is sampled perpendic-
ular to the flow past the aircraft in order to reject cloud par-
ticles, while the total water channel uses a heated, forward-
facing inlet to sample both water vapor and cloud particles.
The total water inlet operates subisokinetically, thereby in-
ertially enhancing cloud particle number in the sample flow
and affording increased cloud water content sensitivity. The
NOAA Water instrument was flown for the first time during
the second deployment of the Airborne Tropical TRopopause
EXperiment (ATTREX) in February—March 2013 on the
NASA Global Hawk UAS. The instrument demonstrated a
typical in-flight precision (1s, 1o) of better than 0.17 parts
per million (ppm, 10~8 mol mol—1), with an overall H,0 va-
por measurement uncertainty of 5% =+ 0.23 ppm. The inertial
enhancement for cirrus cloud particle sampling under AT-

TREX flight conditions ranged from 33 to 48 for ice parti-
cles larger than 8 um in diameter, depending primarily on air-
craft altitude. The resulting ice water content detection limit
(20) was 0.023-0.013 ppm, corresponding to approximately
2pugm—23, with an estimated overall uncertainty of 20 %.

1 Introduction

Water in the upper troposphere and lower stratosphere
(UT/LS) plays an important role in Earth’s climate system
through aspects of radiative transfer, cirrus cloud forma-
tion, and stratospheric ozone chemistry (Kirk-Davidoff et al.,
1999; Forster and Shine, 2002; Solomon et al., 2010). The
dominant transport of H,O into the stratosphere occurs in
the tropics and is controlled to first order by the cold temper-
atures of the tropical tropopause (Liu et al., 2010; Schoe-
berl and Dessler, 2011; Randel and Jensen, 2013). How-
ever, uncertainty remains in both the microphysics of de-
hydration in the tropical tropopause layer (TTL) and the
potential contributions of other processes (e.g., overshoot-
ing convection, transport from the extratropics) to the wa-
ter budget of the lower stratosphere (Sherwood and Dessler,
2001; Fueglistaler et al., 2009; Randel and Jensen, 2013).
Cirrus clouds occur with high frequency and large spatial
extent in the TTL, and those occurring near the thermal
tropopause facilitate the final dehydration of stratosphere-
bound air parcels. The net role of TTL cirrus clouds in the
climate system and how cloud effects may change as the
climate changes remains uncertain (Dessler, 2010; Zelinka
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and Hartmann, 2011; Randel and Jensen, 2013). Further ac-
curate measurements of water vapor in the tropical UT/LS
are needed to improve understanding of the dynamical and
microphysical processes that control the dehydration of air
transported into the stratosphere. In contrast to water vapor,
fewer in situ measurements of cirrus ice water content (IWC)
exist for the UT/LS. IWC is an important metric for estimat-
ing both the radiative impact of cirrus clouds and their role
in the dehydration of tropospheric air in the TTL.

A number of different in situ measurement techniques
have been used to measure water vapor in the UT/LS. These
include chilled-mirror hygrometry (Brewer et al., 1948; Mas-
tenbrook and Oltmans, 1983; Vémel et al., 2007), Lyman-«
photofragment fluorescence (Kley and Stone, 1978; Wein-
stock et al., 1994; Zdger et al., 1999), both open- and closed-
path tunable diode laser (TDL) absorption spectroscopy
(May, 1998; Diskin et al., 2002; Buchholz et al., 2013; Sar-
gentetal., 2013), and chemical ionization mass spectrometry
(Thornberry et al., 2013; Kaufmann et al., 2014).

Persistent disagreements among collocated measurements
of H20 in the UT/LS have produced uncertainties in our un-
derstanding of the cirrus cloud microphysics that control de-
hydration of tropospheric air in the tropical tropopause re-
gion and determine the amount of H,O that reaches the lower
stratosphere (Kley et al., 2000; Jensen et al., 2005; Peter
et al., 2006; Weinstock et al., 2009). These disagreements
among collocated in situ measurements have prompted com-
munity efforts to determine the sources of error in the H,O
measurements, including the chamber-based AquaVIT-1 in-
tercomparison in 2007 (Fahey et al., 2014) and a recent in
situ intercomparison during the Mid-latitude Airborne Cloud
Properties EXperiment (MACPEX) in 2011 (Rollins et al.,
2014). In the AquaVIT-1 intercomparison, a number of the
primary UT/LS in situ HO instruments reported values that
generally agreed within 20 % at mixing ratios down to 1 part
per million (ppm, 10~ mol mol~1) under static conditions
similar to those in the TTL. This was a significant improve-
ment over the 30-100 % differences observed at low mix-
ing ratios in a number of previous UT/LS field measure-
ments (Kley et al., 2000; Jensen et al., 2005; Weinstock et
al., 2009), suggesting that additional factors affect instrument
performance when operating on aircraft in field campaigns.
During the MACPEX campaign, the observed differences
among instruments at low mixing ratios were typically within
20 %, similar to the AquaVIT-1 results. A careful analysis of
the data found that all of the instruments were potentially
affected by variable background artifacts that became signif-
icant at mixing ratios below 10 ppm (Rollins et al., 2014).
Variations at this level in long-term data sets are sufficient to
preclude the early identification of trends in UT/LS H,0O that
are predicted to occur with changes in Earth’s climate (Kley
et al., 2000; Fueglistaler et al., 2013).

Measurement of TTL cirrus IWC is even more challenging
because it combines the issues of water vapor measurement
at low mixing ratios with the need to characterize the sam-
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pling efficiency of cloud particles. A number of different in-
struments have been developed and deployed for cirrus IWC
determination, using both TDL (Davis et al., 2007a; Dorsi
et al., 2014) and Lyman-« (Brown and Francis, 1995; Wein-
stock et al., 2006a; Schiller et al., 2008) detection. Typically
these instruments measure the sum of water vapor and evap-
orated/sublimated condensed-phase water, and rely on a sec-
ond instrument to measure only water vapor in order to derive
a value for the IWC. The counterflow virtual impactor (CVI)
instrument described by Twohy et al. (1997) eliminates this
need by inertially separating the cloud particles into a dry
synthetic air stream, allowing the particles to sublimate, and
measuring the resulting water vapor. The CVI produces a
lower-limit size cut-off for sampled particles and therefore
generally will not afford detection of the IWC of sufficiently
small ice crystals. Total water sampling inlets are operated
either isokinetically (Weinstock et al., 2006a, b) to simplify
the characterization of the particle sampling, or subisokineti-
cally (Davis et al., 2007a; Schiller et al., 2008) to enhance
the particle concentration sampled into the instrument for
improved IWC sensitivity. Davis et al. (2007b) report on a
comparison of three in situ IWC measurements made dur-
ing the NASA Midlatitude Cirrus Experiment in 2004. The
measurements demonstrated reasonable agreement at high
IWC loadings, but the differences were significant at values
below 5mgm~2, a value more than an order of magnitude
larger than typically found in TTL cirrus (Davis et al., 2007b;
Schiller et al., 2008).

To take advantage of the TTL sampling capabilities of
the NASA Global Hawk UAS platform, we have developed
a new, compact, two-channel instrument for the simulta-
neous measurement of water vapor and total water in the
UT/LS, and integrated it onboard the Global Hawk during
the recent NASA Airborne Tropical TRopopause EXperi-
ment (ATTREX) mission. Here we describe details of the
instrument design and validation, and present instrument per-
formance from recent measurements in the UT/LS obtained
during ATTREX.

2 The NOAA Water instrument
2.1 General description

The NOAA Water instrument is a two-channel, closed-path,
TDL absorption spectrometer for the measurement of UT/LS
water vapor (WV) and enhanced total water (eTW, vapor +
inertially enhanced condensed phase) from the NASA Global
Hawk UAS or other high-altitude research aircraft. The in-
strument utilizes wavelength modulation spectroscopy with
second harmonic (2f) detection at a wavelength near 2694 nm
to achieve high sensitivity and precision at low mixing ratios.
The instrument is calibrated on the ground by comparison to
a reference chilled-mirror hygrometer (model 373LX, MBW
Calibration Ltd., Wettingen, Switzerland) and the stability of
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Figure 1. Schematic of the NOAA Water instrument showing the
inlet pylon, optics sub-enclosure, and some of the principal in-
strument components: (a) absorption cells within the optics sub-
enclosure, (b) optical sub-enclosure heaters, (c) CompactRIO data
system, (d) gas bottles, () sample mass flow control valves, and (f)
cell pressure control valves. The enclosure structure and pylon are
fabricated from aircraft-grade aluminum.

the calibration during flight is assessed periodically by ad-
dition of water vapor to one of the channels. The absorp-
tion cells are operated under conditions of constant pressure,
temperature, and flow to maintain constant sensitivity inde-
pendent of pressure and temperature changes in the payload
compartment or in the ambient sampling environment. This
approach eliminates the need for highly accurate knowledge
of the pressure- and temperature-dependent spectral line pa-
rameters and consequently complex data reduction in ex-
change for a reduced absolute absorption signal that results
from operating the cells at pressures below the lowest ambi-
ent pressure encountered in flight.

A summary of the instrument physical and performance
specifications appears in Table 1. The main instrument en-
closure (Fig. 1) measures 49 cm x 43 cm x 36 cm and houses
the optical absorption cells, calibration system, custom elec-
tronics, and data acquisition and control computer. The inlet
pylon is attached to an interface flange at the fuselage sur-
face and extends outside the fuselage perpendicular to the
free-stream flow. Two small scroll pumps, their associated
controllers, and a 24 VDC power supply are located external
to the main instrument enclosure. The total instrument mass,
including pumps and inlet pylon, is 40 kg. During flight, typ-
ical power consumption is 70 W of DC (28 V) and 400 W of
AC (120V, 400Hz). The AC power draw varies depending
on the power required by the heaters used to maintain instru-
ment component temperatures.

2.2 Sample flow system
A schematic of the instrument flow system is shown in
Fig. 2. Sample flow through the instrument is produced

by a pair of small scroll pumps (model V12H20N2.5, Air
Squared Inc., Broomfield, CO, USA). The sample mass flow
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Table 1. NOAA Water instrument specifications.

Size 49cm x 43cm x 36¢cm
Mass 40kg
Power 70W DC, 400W AC
Data rate 1Hz

wv T™W
Accuracy 5%+0.15ppm 6% +0.20 ppm
Precision (1s, 1o) 0.17 ppm 0.25 ppm
Uncertainty (15s) 5%+0.23ppm 6% +0.32 ppm
IWC uncertainty (1) 15-30%

through each channel is controlled using a custom butter-
fly valve (BV) based on the design described by Gao et
al. (1999) and similar to those used previously with the
NOAA CIMS H;0 instrument (Thornberry et al., 2013). The
BV is located in the inlet line upstream of the absorption
cell and is servo-controlled by a mass flow meter (MFM,
model D6F-03A3, Omron Corp., Kyoto, Japan) located in
the exhaust line from the absorption cell. The mass flow
through each cell was maintained at 600 standard (273.15K,
1013.25 hPa) cm® min—! (sccm). The flow value was chosen
to be as large as possible, within the capacity of the vac-
uum pumps, in order to reduce the potential for hysteresis
arising from the adsorption/desorption of water to inlet tub-
ing and cell surfaces. The pressure in each absorption cell
is controlled using a second BV located in the exhaust line
from the cell, immediately downstream of the sample flow
MFM, which is servo-controlled by a pressure sensor (model
19C015PA4K, Honeywell Sensing and Control, Minneapo-
lis, MN, USA) located at the laser/detector end of the ab-
sorption cell. The absorption cell pressures were set to 45
and 50 hPa in the WV and TW channels, respectively, in or-
der for the pressures to be sufficiently lower than the inlet
sampling pressures at the highest flight altitudes for Global
Hawk operation to enable cell pressures and flows to be held
constant at all aircraft flight levels. The control pressure dif-
ference between the two channels is due to a combination
of the additional ram pressure at the opening of the forward-
facing TW inlet and the reduced sampling pressure at the
side-facing opening of the WV inlet.

2.3 Absorption cells

The absorption cells for the NOAA Water instrument were
designed and manufactured by Port City Instruments (Wilm-
ington, NC, USA). A schematic of an optical absorption
cell is shown in Fig. 3. Each cell consists of a 35cm long,
1.9cm ID (3.2cm OD) Ni-plated aluminum cylinder with a
Ni-plated aluminum block housing the inlet port and a gold
mirror on one end and another block housing the outlet port,
laser, detector, and pressure port on the other. This single-
reflection arrangement produces a 78.6 cm round-trip optical
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Figure 2. Schematic of the NOAA Water instrument showing the components of the dual-channel flow system. The custom butterfly valves
located upstream and downstream of each cell are used to control the mass flow (upstream) and pressure (downstream) in the optical cells
to constant values independent of variations in sampling pressure as the aircraft changes altitude. The numbers in the mass flow controller

symbols indicate the flow value or range used during flight operation.

39.3 cm

Figure 3. Schematic of a NOAA Water instrument optical absorp-
tion cell. Arrows indicate the direction of flow through the cell. The
laser (L), detector (D), collimating lens assembly (Lens), and pres-
sure transducer (P) are visible in the detail on the left (outlet), and
the mirror (M) assembly is indicated in the detail on the right (inlet).

absorption path length. The internal cell volume is approxi-
mately 120 cm®, yielding a sample residence time of less than
0.52s at a flow rate of 600 sccm, cell pressure of 50 hPa, and
cell temperature of 40 °C. The inlet, outlet, and pressure ports
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were designed for O-ring face-seal fittings (VCO, Swagelok
Inc., Solon, OH, USA) to minimize potential for leaks into
the cells.

In order to thermally stabilize the optical cavity and mini-
mize the migration of interference fringes through the spec-
trum, the absorption cells are housed in a temperature-
controlled sub-enclosure within the overall instrument en-
closure. The temperature of the sub-enclosure is stabilized
by controlling the air temperature within the sub-enclosure
by means of forced circulation of air over temperature-
controlled heat sinks and by separately controlling the tem-
peratures of the six individual aluminum panels comprising
the sub-enclosure. Three thermistors, one at each end and one
at the mid-point of the cell, are used to monitor the thermal
stability of the absorption cells.

The laser and detector are mounted directly into the block
at the outlet end of the absorption cell to minimize the po-
tential for any volume in the optical path that is not actively
swept by the sample flow through the cell. A lens mounted in
an open structure in front of the laser is used to collimate the
beam. The gold mirror is sealed against the inlet end of the
absorption cell using an O-ring face seal. Four small screws
in the mirror assembly that compress the mirror against the
O-ring allow for adjustment of the mirror angle for alignment
of the laser beam.

www.atmos-meas-tech.net/8/211/2015/
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2.4 Lasers and detectors

The lasers used in the instrument are distributed feed-
back (DFB) lasers (nanoplus GmbH, Gerbrunn, Germany)
mounted on thermoelectric coolers (TEC) and sealed in TO5
packages with antireflection-coated, wedged windows. The
laser packages are evacuated and backfilled with N, at 1 bar
pressure and contain less than 30 ppm residual H,O. The
sealed optical path between the diode facet and TO5 package
window is 0.5 mm, resulting in a maximum optical depth due
to residual H2O in the laser packages equivalent to 0.375 ppm
in the sample cell at 50 hPa. Lasing threshold current and tun-
ing characteristics are inherently variable with DFB lasers;
however the useful tunable range accessible in a single cur-
rent scan for the lasers used here was typically 2-3cm—1.

The InAs detectors (J12TE1-37S-R01M, Teledyne Jud-
son Technologies, Montgomeryville, PA, USA) used are
mounted on TECs in sealed packages. These packages were
evacuated, baked, and backfilled with N, during fabrication
to 50 hPa with a maximum of 5 ppm residual H,O. The op-
tical path between the photodiode and window is approxi-
mately 2 mm, resulting in a signal from trapped water equiv-
alent to less than 0.014 ppm water in the detection cell.

For measurement of H,O, a pair of absorption lines near
2694 nm was identified from the HITRAN 2008 database
(Rothman et al., 2009). To access the selected H,O absorp-
tion features, the laser TEC temperatures are set to values
that yield output near the target wavelength for each indi-
vidual laser and the laser drive currents are ramped to scan
the lasers across a spectral range of approximately 1cm~1,
The primary absorption line used to detect low mixing ra-
tios of H,0O is from the asymmetric stretch mode ((0, 0, 1) «
(0,0,0)) at 3712.20cm~1! (2693.82 nm) with a line strength
of 1.49 x 10~1° cm? molecule—* cm~1 . This line is approx-
imately an order of magnitude stronger than strong lines in
the H»O overtone/combination band near 1400 nm that have
typically been used for UT/LS H,O measurement. A weaker
line at 3711.88cm~1 (2694.06 nm) due to the symmetric
stretching mode ((1,0,0) < (0,0,0)) with a line strength
of 4.41 x 10~ cm? molecule— cm~1 is used at higher H,O
mixing ratios to provide a linear response up to and ex-
ceeding 2000 ppm. Two prominent CO» absorption lines at
3711.62cm?! (2694.24 nm) and 3711.75cm~! (2694.15 nm)
also fall within the scan window and could potentially be
used for additional instrument diagnostics.

The 1cm~1 spectral sweep is performed at 10 Hz and the
spectra are coaveraged to produce 1s data. Improved preci-
sion is achieved by use of 2f detection, which is employed by
adding a 30 kHz sine wave modulation to the diode laser cur-
rent ramp, producing a 0.08 cm~! modulation depth of the
scan, and demodulating the signal from the photodiode de-
tector at 60 kHz. DC spectra are concurrently measured by
passing the detector signal through a low-pass filter to re-
move the modulation. Figure 4 presents the spectral region
scanned showing calculated transmission through the optical
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Figure 4. Top: HITRAN calculation of transmission through the
detection cell with 100 ppm H,O (blue) and 370 ppm CO, (red).
Middle: 1s coaveraged DC spectrum in the WV channel from the
final descent on 27 February 2013 at an ambient HoO mixing ratio
of approximately 100 ppm. The green dashed line is the polynomial
fit to the baseline for determination of the Iy values at the strong and
weak H,O absorption lines. Bottom: corresponding 1s coaveraged
2f spectrum. Note that the scan is plotted as it is recorded in time
and the wave number scale decreases from left to right.

cell using line parameters from the HITRAN 2008 database
along with the measured DC and 2f spectra of ambient air
containing 100 ppm H20. The strong and weak line 2f sig-
nals are measured as the peak-to-peak amplitude in the spec-
trum in a defined window around each line. The asymmetry
observed in the peaks in the 2f spectrum arises from con-
tributions to the second harmonic signal from the first and
third harmonics due to co-modulation of laser intensity with
the applied wavelength modulation (Kluczynski and Axner,
1999). To account for variations in laser power that would af-
fect the instrument sensitivity, the 2f signals are normalized
to the laser power at each spectral feature (N2f: 2f peak-to-
peak amplitude/laser power at line center) before calculating
water mixing ratios. Laser power at the center of each line
is determined from a polynomial fit to the corresponding DC
spectrum baseline.

2.5 Inlets

The inlets for the two channels of the NOAA Water instru-
ment are housed in an airfoil-shaped pylon assembly that ex-
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Figure 5. Schematic of the NOAA Water instrument inlet pylon
showing the WV and TW sample inlet tubes, the inlet line and cat-
alyst heater blocks (orange), the zero air (ZA) delivery lines (blue)

to each inlet, the Pt catalyst and calibration delivery line (cyan) to
the WV inlet, and the ZA and calibration return lines (magenta).

tends 27 cm perpendicular to the skin of the aircraft in order
to sample in the free-stream flow around the aircraft. The py-
lon is 14 cm wide (fore—aft) and 3.5 cm thick. The major axis
of the airfoil is oriented parallel to the aircraft longitudinal
axis (i.e., no offset angle). A cross section of the inlet pylon
is presented in Fig. 5 showing the arrangement of the inlet
components and calibration tubing. A photograph of the in-
strument installed onboard the NASA Global Hawk during
ATTREX appears in Fig. 6. Gas flows between the inlet py-
lon and the instrument pass through custom O-ring face-seal
fittings at the interface flange. This design provides a good,
reproducible seal while allowing the inlet pylon to be eas-
ily installed and removed when necessary for accessing the
instrument.

2.5.1 Water vapor inlet
The sampling point for the WV channel is located at the end

of the inlet pylon, oriented perpendicular to the flow past the
aircraft (Fig. 5). This sampling arrangement, combined with
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Figure 6. Photo of the NASA Global Hawk showing the location
of the NOAA Water instrument inlet during the ATTREX mission
(photo: T. Tschida, NASA,; inset photo: T. Thornberry).

the thin plate at the end of the pylon, allows for sampling
of ambient water vapor while rejecting cloud particles. The
design is similar to that described in Popp et al. (2004) for
sampling gas-phase nitric acid while excluding nitric acid tri-
hydrate particles, and that described by Perring et al. (2013)
for sampling submicron aerosol while rejecting cloud parti-
cles. A similar inlet was used with the NOAA CIMS H,0 in-
strument (Thornberry et al., 2013) for water vapor measure-
ments during the MACPEX campaign, where the measure-
ments showed no detectable contamination from cloud wa-
ter during extensive cirrus sampling. The WV sample line is
constructed of 0.46 cm ID electropolished stainless steel tub-
ing (WinTech 10, Winter Technologies, Pacific, MO, USA),
which was found in our previous laboratory experiments to
produce little hysteresis from rapid changes in water vapor
at mixing ratios between 1 and 50 ppm (Thornberry et al.,
2013). A section of the WV inlet line closest to the tip is
heated to 50 °C to prevent condensation in the inlet.

2.5.2 Total water inlet

The sampling point for the TW channel is located at the end
of a forward-facing 0.46 cm ID tube that affords sampling
of both water vapor and condensed-phase water. The inlet
tube is oriented parallel to the aircraft longitudinal axis at a
distance of 22.5cm from the fuselage surface and extends
6.7 cm forward from the leading edge of the pylon and taper-
ing (20°) to a knife edge at the tip. Inside the pylon, 10.5cm
from the tip, the inlet tube makes a sharp (mitered) 90° turn
to facilitate impaction of large ice particles on the heated in-
let wall. Nine centimeters of the forward facing sample line
is enclosed in a 0.2 cm thick copper sheath extending from a
copper block enclosing the bend that is maintained at 180 °C.
After the bend, the sample line passes through the catalyst
heater block, also controlled to 180 °C, before connecting to
the heated (30 °C) interface flange at the fuselage surface and
entering the instrument.

The controlled inlet flow of 600sccm causes the sam-
pling to be subisokinetic, i.e., the sample air velocity inside
the inlet (U) is lower than the free-stream velocity (Up) at
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sampling altitudes and typical high-altitude research aircraft
speeds (140-200ms~1). This subisokinetic sampling leads
to an inertially enhanced aspiration efficiency for particles
into the inlet (Belyaev and Levin, 1974; Krdmer and Af-
chine, 2004; Eddy et al., 2006; Davis et al., 2007a). As a
result, cirrus particle number densities in the sample flow
are enhanced by a factor, EF, defined as the ratio of parti-
cle number concentration entering the inlet tube to that in
the free stream. The EF is a function of the inlet geometry,
aircraft attitude, the ratio of the free-stream flow to the in-
let flow (Up/U), and the Stokes numbers (Stk) of the parti-
cles. Since the mass flow through the TW inlet is constant,
the volumetric flow rate and therefore the sample flow veloc-
ity, U, is a function of the ambient pressure and temperature
and varies significantly with altitude. The parameterization
developed by Eddy et al. (2006, Eg. 15) based on computa-
tional fluid dynamic simulations of various inlet geometries
was used to calculate the particle-size-dependent EF for the
TW inlet. Figure 7 shows calculated EF curves as a function
of particle diameter for typical TTL operating conditions of
the Global Hawk UAS. A density of 0.7gcm—2 was used
for the calculations based on the reported effective density of
small (< 50 pm) cirrus particles by Cotton et al. (2013). EF
curves calculated for a particle density of 0.9gcm—23 (close
to the bulk density of ice) are displayed as well to show the
sensitivity of the calculated EF to the assumed density. The
subplot in Fig. 7 shows that the potential error associated
with using a given value in this range for the density is < 3%
for particles greater than 5 um, but becomes large (35-45 %)
for particles near 1 pm. As expected, the value of the EF is
near unity for small particles (< 0.2 um) and increases with
particle size. For particles larger than approximately 7 um in
diameter, typical of cirrus particles, the EF for the TW in-
let is within 2% of the maximum value of Up/U, which is
in the range of 30 to 50 for Global Hawk TTL flight condi-
tions. This subisokinetic sampling enhancement results in a
significantly increased sensitivity to cirrus IWC.

After cloud particles are sampled into the inlet, the
condensed-phase water must be vaporized in order for it to
be measured by the instrument. The high-temperature sec-
tion of the TW inlet consists of 9cm of the forward-facing
tube plus an additional 19 cm length following the 90° bend.
Calculations of the sublimation of ice particles (assumed to
be solid spheres with density 0.7gcm™—3) in the inlet at a
pressure of 85 hPa indicate that particles less than 7 ym di-
ameter will vaporize before reaching the bend, and particles
less than 15 pm diameter would completely vaporize within
the 28 cm high-temperature region, even without contacting
the heated walls. Particles larger than 15 pm initial diameter
have sufficient residual inertia that they will impact the tub-
ing at the 90° bend, potentially sticking and greatly increas-
ing heat transfer or shattering into small fragments (Korolev
et al., 2013a), accelerating subsequent vaporization. Calcu-
lations at 150 hPa indicate that particles up to 21 um would
sublimate in the sample flow within the high-temperature re-
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Figure 7. TW inlet particle aspiration enhancement factor (EF) as
a function of particle diameter (Dp) calculated using the formu-
lation of Eq. (15) in Eddy et al. (2006) for the TW inlet geom-
etry and assumed ice particle densities of O.7gcm‘3 (solid) and
0.9¢ cm—3 (dashed). The curves represent conditions near the trop-
ical tropopause (approximately 17.6 km, blue) and near the bottom
(approximately 14.4 km, green) of the typical NASA Global Hawk
operational altitude range during the ATTREX mission. The inset
plot shows the ratio EFg g/ EFq 7 as a function of particle diameter
to illustrate the effect of assumed particle density on the inlet EF.

gion, while particles with an initial diameter > 20 um will
impact the tubing wall at the bend. With repetition of the cal-
culations for an ice crystal density of 0.9gcm~3, the diam-
eters for both complete sublimation and impaction decrease
slightly (~159%), but it remains the case that the diameter
of particles large enough to not fully vaporize in the heated
sample flow have sufficient remaining inertia at the 90° bend
to insure impaction on the hot tubing wall. Adequate models
do not exist to provide a full description of ice particle shat-
tering/sticking and collisional heat transfer from the walls in
order to accurately calculate the details of vaporization of
large ice crystals and their fragments. However, based on our
calculations of sublimation within the high-temperature zone
of the inlet, the rapid vaporization that will occur from con-
tact with the hot tubing surfaces, and the additional 40 cm of
warm (20-40 °C) inlet tubing through which the sample flow
passes prior to reaching the absorption cell, we believe it is
reasonable to assume that all condensed-phase water entering
the TW inlet is vaporized prior to measurement.

The direct measurement of the water mixing ratio in the
TW channel is defined as enhanced total water (eTW), which
is composed of ambient water vapor (H2Oysp) and evapo-
rated, inertially enhanced IWC (elWC) as

eTW = Hzovap + EF . IWC = HZOVap + eIWC (l)

The actual IWC of a sampled cirrus cloud is then deter-
mined as

IWC = (eTW — H,0y4p)/EF, 2

where H,Oyap is measured in the WV channel, and the over-
all EF is determined by convolving the calculated EF curve
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for the immediate sampling conditions with an assumed cir-
rus ice particle size distribution or that provided by a co-
measuring cloud probe instrument. Due to the EF size de-
pendence for particles < 7 um, uncertainty in the assumed or
measured particle size distribution for cirrus with a signifi-
cant mass fraction in small particles will lead to uncertainty
in the determination of IWC.

2.6 Calibration system

The NOAA Wiater instrument uses an onboard calibration
system to evaluate the stability of the sensitivity and back-
ground of the WV channel during flight. The calibration sys-
tem is similar to the one used previously in the NOAA CIMS
H>0 instrument (Thornberry et al., 2013) and is based on the
catalytic oxidation of H, standards to produce known H,O
mixing ratios (Rollins et al., 2011). The current system (see
Fig. 2) consists of one dry synthetic air (zero air, ZA) cylin-
der (M22A, Luxfer Gas Cylinders, Riverside, CA, USA) and
two cylinders (M09B, Luxfer) containing different mixing
ratios of Hy in air. The ZA is passed through a 1cm ID by
25 cm long stainless steel tube containing a molecular sieve
desiccant (BMSR-1, Agilent Technologies Inc., Santa Clara,
CA, USA), which reduces the residual water vapor mixing
ratio in the ZA. This moisture trap is located downstream
of the ZA pressure regulator (Series 4300-N, Premier Indus-
tries, Blaine, MN, USA) to capture water from as many po-
tential leaks as possible before the ZA is directed to the inlets.
The catalyst assembly, located in the inlet pylon, consists of
al4cmlong, 0.21cm ID, electropolished stainless steel tube
containing two 2.5 cm x 5 cm pieces of tightly rolled Pt mesh
(part no. 298093-1.7G, Sigma-Aldrich Co., St. Louis, MO,
USA). The catalyst is maintained at a temperature of 180 °C
and a pressure above 2000 hPa, which was demonstrated to
yield complete conversion of Hy to H,O for a similar geom-
etry and flow rates to those used in the NOAA Water instru-
ment (Rollins et al., 2011).

Mass flow controllers (MC-Series, Alicat Scientific Inc.,
Tucson, AZ, USA), which were tested and found to be in-
sensitive to changes in ambient enclosure pressure, are used
to control the ZA flows to the inlets and the ZA and Ho/air
flows through the Pt catalyst.

To perform a calibration, the ZA flow to the WV inlet is
set to 1000 sccm, overflowing the inlet with ZA. The Ha/air
flows through the catalyst are adjusted in a series of steps be-
tween 2 and 20 sccm and the output of the catalyst is added
to the ZA in the sample flow to produce a series of known
H>0 mixing ratios, which are used periodically to determine
the sensitivity of the WV channel. Due to space and weight
constraints and the desire to use a minimum number of fit-
tings (potential leaks), only the WV channel is calibrated
in flight. The stability of the sensitivity of the TW channel
during flight is assessed by comparing its signal with that of
the WV channel when sampling in cloud-free air. The cali-
brations performed during flight are compared with identical
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calibration sequences run on the ground to verify the consis-
tency of the calibration system during flight.

To mitigate the potential effects of parasitic water from in-
finitesimal leaks into the calibration system, 10 sccm flows
of ZA are used to continuously flush the ZA and calibra-
tion system tubing out to the inlet addition points and back
through return flow controllers (see Figs. 2 and 5). The re-
turn flow controllers are set to additionally pull small (10—
15sccm) flows of sample air from the inlets to prevent ZA
from reaching the sample flow during ambient sampling.

2.7 Data system

Instrument control, data acquisition, and communication
with the aircraft are accomplished using a custom LabView
program running on a CompactRI10 system (National Instru-
ments Inc., Austin, TX, USA). Custom Arduino-based elec-
tronics boards are used for temperature control of instrument
components and operation of the flow- and pressure-control
butterfly valves.

Instrument temperatures, pressures, and flows (housekeep-
ing) along with laser parameters, N2f signals, and calcu-
lated HyOy5 and eTW mixing ratios are recorded at 1 Hz
(~4MBh™) for post-flight data processing and instrument
performance evaluation. A subset of this data can be trans-
mitted to the ground for real-time reporting of mixing ratios
and monitoring of instrument performance during flight if
communication is available. The 1024-point DC and 2f spec-
tra for each channel are acquired at 10 Hz, coaveraged, and
saved at 1 Hz (29.5 MB h~1). The instrument can operate en-
tirely autonomously or with user interaction, depending on
the communications capability of the aircraft platform.

3 Instrument performance

The first field deployment of the NOAA Water instrument
occurred in the second phase of the ATTREX mission in
January—March 2013, during which the instrument was in-
tegrated on the NASA Global Hawk UAS. During this mis-
sion, the Global Hawk conducted six research flights flight
with durations of 24 (4-0.3) hours, allowing for transit south
from NASA Dryden Flight Research Center in California to
the central and eastern tropical Pacific with substantial time
at low latitudes to conduct extensive sampling in the TTL.
Measured water vapor mixing ratios in the TTL reached val-
ues as low as 1.5 ppm and cirrus clouds with a wide range of
IWC were encountered.

Operational procedures for the NOAA Water instrument
during ATTREX involved calibrating the instrument on the
ground between flights, as well as extensively in the labora-
tory before and after the mission. These calibrations were
conducted with sample flows containing H,O mixing ra-
tios in the range between 0.5 and 2500 ppm as quantified
by the MBW frost point hygrometer. The calibration flows

www.atmos-meas-tech.net/8/211/2015/



T. D. Thornberry et al.: The NOAA Water instrument

] + ¥
41 e TWstrong line # T3 +4
7 e WVstrong line -+
2| e TWweakline +
WV weak line
17
I
6]
4]
= ]
5 2+
D
8 0.1
z o
6 £
4 - o
1 & IdrImIF
2]
0.014
I
6]
7‘ \\\\\\‘ \\\\\\‘ \\\\\\‘
1 10 100 1000

MBW H,0 (ppm)

Figure 8. Laboratory calibration curves showing the laser power
normalized second harmonic (N2f) signals from the strong and
weak absorption lines (2693.82 and 2694.06 nm, respectively) in
the WV and TW channels as a function of the H,O mixing ratio in
the sample flow measured by the MBW reference hygrometer. Each
data point represents an average of 100-300s of data at a constant
mixing ratio. The error bars are the standard deviation of the N2f
signal in each interval. The black lines are the weighted orthogonal
linear regression fits to the data, which are used to determine in-
strument sensitivity for each absorption line. The differences in N2f
values between channels at the same MBW value are due to intrinsic
performance and configuration differences between the channels.

were generated by an external Ha/Pt catalytic HO source
(Rollins et al., 2011) and distributed to the instrument and
the MBW through a common manifold. Figure 8 presents
results from one laboratory calibration over the range 2—
2140 ppm showing the calibration ranges for both weak and
strong lines of both channels. The nonlinearity in the N2f sig-
nal that arises from high optical depth is apparent at mixing
ratios above 100 ppm in the strong absorption lines, while
electronic noise and optical fringing produce nonlinearity in
the WV and TW weak absorption line signals below 40 and
60 ppm, respectively. Repeated calibrations performed with
many hours of continuous operation at mixing ratios less than
20 ppm were used to assess the linearity of the strong absorp-
tion line N2f signals at these low mixing ratios and to quan-
tify the background water signal in each channel (Fig. 9).
Fringes in the TW channel were somewhat larger than those
in the WV channel and led to larger variations over time in
the TW N2f signal at low mixing ratios. The background
equivalent water value in the WV channel due to residual
trapped water in the laser and detector packages was deter-
mined to be 0.3 £ 0.1 ppm, while that in the TW channel was
0.3+0.2 ppm.

During the ATTREX flights, H,O vapor and eTW mix-
ing ratios were calculated in real time on a 1 Hz basis from
the N2f signals in the WV and TW channels and transmit-
ted to the ground when communication was available. Be-
cause data reduction is performed by empirically calibrating
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Figure 9. Laboratory calibration of the WV and TW channel strong
absorption line signals at low H>O mixing ratios. Top: time series of
water vapor values in the sample flow as measured by the MBW ref-
erence hygrometer. Middle: corresponding time series of the strong
absorption line laser power normalized second harmonic (N2f) sig-
nals in each channel. Bottom: linearity of the N2f signals at low
mixing ratios. Repeated long-duration calibrations at low mixing ra-
tios were used to quantify and verify the stability of the background
water signal from residual water in the laser and detector packages.

the N2f signal against a H,O reference standard (MBW), the
measurement accuracy does not depend on highly accurate
knowledge of the laser modulation amplitude. Further, uncer-
tainties due to changes in spectral line shape and line strength
with changes in gas temperature and pressure do not con-
tribute to measurement uncertainty as long as these param-
eters do not change between ground-based calibrations and
in-flight measurements. Mixing ratios were calculated from
the N2f signals in the low optical depth regime for each line,
where the nonlinearity in the instrument response is less than
0.5 %. Only the TW channel measured values high enough to
require use of the weak absorption line, which was used for
mixing ratios above 80 ppm.

During flights, the detection cell pressures were main-
tained to within +0.7 % of the pressure at which the chan-
nel was calibrated in the laboratory, and the absorption cell
temperatures were maintained within a £0.03°C range af-
ter the optical cell sub-enclosure reached its temperature set
point. Therefore variations in the instrument sensitivity due
to changes in these parameters are negligible. To directly ver-
ify the stability of the instrument response during flight oper-
ation, the ambient flow in the WV channel was periodically
replaced with calibration flows produced using the Pt/Hy/ZA

Atmos. Meas. Tech., 8, 211-224, 2015



220
£ t
Q v X
53
o =
= <<
CD'T,_\ *."
.:E‘ g 000056+ | Tt U
§ 5 0.00054 MBW cal +/- 5%
£ 0.00052 T s
0.019
2 7; 0.018 - [WMBwear+isy T
> 9 A — m e et s e e — e — - — - —
5 o 0.017 -
5 o e e
w Z
= 0016 f v v
18:00 00:00 06:00 12:00
20130221 20130222 UTC

Figure 10. WV channel sensitivity measured during in-flight cal-
ibrations from a flight on 21-22 February 2013. Top panel: water
vapor mixing ratios and aircraft altitude during a series of profiles
through the TTL. Middle panel: calibration slopes (sensitivity) for
the weaker absorption line (3711.9cm=1). Bottom panel: calibra-
tion slopes for the strong H,O absorption line (3712.2cm™1). Each
data point represents a calibration procedure in which dry synthetic
air displaced the ambient flow for 8.7 min and a series of 8 H,O
mixing ratios between 2 and 400 ppm were added in time intervals
of 40-60s. In the middle and bottom panels, the dash-dot horizon-
tal lines indicate the sensitivity measured in the laboratory prior to
the flight. The dotted lines indicate the 45 % range surrounding the
pre-flight laboratory value. The solid lines simply connect the data
points as an aid to the reader.

system. Figure 10 shows results from the in-flight calibra-
tions during the flight on 21-22 February 2013. The mea-
sured instrument response (sensitivity) for both H,O spectral
lines in individual calibrations during the flight agreed with
those measured in the laboratory to better than 4 %, which
is within the uncertainty expected of the onboard calibration
system. These results are typical of the in-flight calibrations
on all of the ATTREX flights.

In-flight measurement precision was evaluated by calcu-
lating the distribution of 1's changes in the WV channel mea-
surements (AWV =WV[r] — WV [r—1]). Figure 11 shows a
histogram of AWV from the 21-22 February 2013 flight with
a Gaussian fit indicating that the noise is normally distributed
with a width of 0.34 ppm, corresponding to a 1o precision
of 0.17 ppm. Noise in the TW channel was typically slightly
higher than in the WV channel (0.25 for the 21-22 February
flight). The observed in-flight precision is independent of sig-
nal amplitude and compares well, given a contribution to the
1s changes from real atmospheric variability, with the typi-
cal value of 0.1 ppm observed while sampling stable mixing
ratios in the laboratory.

Also shown in Fig. 11 is the histogram of the difference
between 1s TW and WYV channel signals during cloud-free
sampling. This difference was normally distributed and cen-
tered near zero (—0.012 ppm). The detection limit for eIWC
is defined as twice the standard deviation (20) in the clear-
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Figure 11. Left: histogram of 1 s changes in the WV channel (strong
line) during the 21-22 February 2013 flight. The width of the Gaus-
sian fit to the distribution is 0.34, indicating the signal noise is nor-
mally distributed with o = 0.17 ppm. Right: histogram of the differ-
ence between 1s measurements in the TW and WV channels dur-
ing cloud-free sampling periods of the 21-22 February 2013 flight.
The difference is normally distributed around 0 with a width of
0.45 ppm. This scatter yields a detection threshold (20) for iner-
tially enhanced ice water content, elWC, of 0.641 ppm.

sky difference of the signal. For the 21-22 February flight
this results in an elWC detection limit of 0.641 ppm. Assum-
ing the cirrus particles are greater than 8 um effective diam-
eter, the calculated EFs of 33-48 yield an IWC mixing ratio
detection limit from 0.023 to 0.013 ppm, depending on alti-
tude. Converting these humbers to mass, the IWC detection
limit was approximately 2 pgm~—23 across the sampling alti-
tude range. Figure 12 shows a sample time series of WV and
eTW mixing ratios during a vertical profile through the TTL
from the 21-22 February flight. Cirrus encounters are clearly
visible on both the ascent and descent. This data sample il-
lustrates the typical instrumental precision in the measure-
ments, as well as the good agreement between the WV and
TW channels.

3.1 Water vapor measurement uncertainty

The principal sources of uncertainty in the determination of
ambient H,O mixing ratios in the NOAA Water instrument
are (1) the accuracy of the MBW reference frost point hy-
grometer, (2) uniformity of the H,O mixing ratio in the ex-
ternal calibration flows to the MBW and the NOAA Water in-
strument (analytical split), (3) stability of the absorption cell
pressures, (4) temperature of the sample gas in the absorption
cells, (5) linearity of the calibration fit, and (6) variation of
optical fringes in the wavelength scan.

The NIST-traceable accuracy of the MBW frost point de-
termination is 0.1 °C, which at 850 hPa (typical ambient pres-
sure in Boulder, CO) corresponds to an uncertainty of 1.6 %
at 1 ppm decreasing to approximately 1% at 1000 ppm. Po-
tential issues with analytical split of the external calibration
between the MBW and the instrument were addressed by ex-
amining the repeatability of the laboratory calibrations with a
number of different plumbing configurations and found to be
negligible. The uncertainty arising from changes to the sen-
sitivity (H2O absorption) with changes in cell pressure are
similar in magnitude to the variations in the cell pressure for
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Figure 12. Time series of measured H,O vapor (WV) and enhanced
total water (eTW) including two cloud encounters during a vertical
profile maneuver through the TTL during the flight of 21-22 Febru-
ary 2013. The top section shows the aircraft altitude. The middle
section shows the measured HyOyqp (blue) and eTW (red) mixing
ratios. The bottom section shows the calculated enhanced ice water
content, elWC (=eTW — HyOygp). The dashed red line indicates
the detection threshold for elWC of 0.641 ppm determined from the
precision (20) in the difference between the two channels during
cloud-free sampling.

small changes, and were typically less than 0.7 %. The tem-
perature of the sample gas in the absorption cells was not di-
rectly measured, but the active heating of the inlets and inter-
face flange, the small range of temperature in the main instru-
ment enclosure during flight (10-20°C), and thermal equili-
bration with the 20 cm of inlet tubing within the temperature-
controlled sub-enclosure result in small (< 1°C) calculated
variations in the temperature of the sample gas entering the
absorption cells. Based on HITRAN calculations, a 1°C
change in gas temperature would result in less than a 0.4 %
change in the absorption line strength. The insensitivity of
the measurement to changes in external temperature is sup-
ported by the lack of any observed difference in the signals
in the laboratory at constant H,O mixing ratio with and with-
out the inlet and interface flange heaters operating. The un-
certainty due to changes to the N2f signal caused by vari-
ations in the optical fringes in the spectrum that arise from
small changes in the optical path with fluctuations in cell
temperature was assessed by analyzing extended (up to 12 h)
sampling of constant mixing ratios. The observed variations
in the signal due to shifting optical fringes were equiva-
lent to less than 0.1 ppm H,O for temperature fluctuations
similar to those observed in flight (+£0.03°C). During the
2013 ATTREX deployment, including pre- and post-mission
calibrations and calibrations conducted between flights, the
goodness of the individual linear fits to the calibration data
was better than 4 %, and the average difference between in-
dividual calibrations of the WV channel was described by
the linear function 0.1 + 0.005- H,O. Combining the un-
certainty arising from these factors yields an accuracy of
5% =+ 0.15 ppm for the WV channel. Including the typical
precision value of 0.17 ppm, the overall uncertainty in the
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Figure 13. Correlation of H»O measured in the TW channel with
that measured in the WV channel for cloud-free sampling condi-
tions during ATTREX 2013 flights. The slope of the correlation
calculated using linear orthogonal distance regression was 0.96. In-
dividual flight correlation slopes ranged from 0.95 to 0.98 and the
r2 values of the correlations ranged from 0.92 to 0.99.

H>O mixing ratio in the WV cell is 5% +0.23 ppm for a
1s measurement. For the eTW H»O measurement in the TW
channel, the overall uncertainty was slightly higher at 6 % =+
0.35ppm due to contributions from larger optical fringes in
the spectrum and slightly higher electronic noise (precision).
The overall good agreement between TW and WYV channels
during periods of cloud-free sampling in all of the ATTREX
2013 flights is shown in the correlation plot in Fig. 13. An
orthogonal linear regression fit to all of the data yielded a
slope of 0.96 and the correlation had an 2 value of 0.97. Re-
gressions for individual flights ranged from 0.95 to 0.98, in-
dicating there was some variation in relative sensitivity over
time. This variation appears to arise primarily from optical
fringes in the TW channel that affected the signal at lower
mixing ratios. No consistent offset between the two channels
in flight was observed.

3.2 Ice water content measurement uncertainty

A number of additional sources of uncertainty affect the IWC
measurement. These include (1) the particle aspiration effi-
ciency of the inlet, (2) size distribution of the ice particles,
(3) completeness of ice particle vaporization within the in-
let, (4) inlet geometric sampling area, and (5) disturbance of
the ambient cirrus ice particle distribution at the sampling
point by the presence of the aircraft. Conservative calcula-
tions of ice particle vaporization indicate that an assump-
tion of complete vaporization of all ice particles within the
TW inlet prior to measurement is reasonable and incomplete
vaporization therefore contributes negligibly to the overall
IWC measurement uncertainty. Calculating the TW inlet EF
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requires knowledge of a number of atmospheric (pressure,
temperature) and aircraft (true air speed, pitch) and instru-
ment (inlet flow) parameters that all contribute some uncer-
tainty. For ATTREX, the atmospheric and aircraft parameters
were measured by the Meteorological Measurement System
(NASA Ames Research Center, T. V. Bui, PI), which reports
uncertainties of 0.3hPa, £0.3K and +1.0ms™! for tem-
perature, pressure, and true air speed, respectively. These un-
certainties are sufficiently small to contribute only about 1 %
uncertainty to the calculated value of the free-stream flow,
Up. The uncertainty in inlet flow measured by the TW sam-
ple mass flow meter is 3%. Eddy et al. (2006) report that
the EF parameterization presented (Eq. 15) agreed with their
detailed computational fluid dynamics simulations to within
20 % for most Stk values, so the uncertainty in EF contributes
significantly to the overall uncertainty. The uncertainty in
IWC determination arising from the size dependence of the
EF depends on the fraction of ice mass in crystals with di-
ameters less than 7 pm, where the EF begins to decrease sig-
nificantly from the asymptotic value of U /Uy. If all ice mass
were in particles of 5 um diameter, assuming the Up/ U value
for the EF would result in an underestimate of IWC by less
than 10 %, while if the particles were all 3 um, the underes-
timate would rise to 33 %. Applying the calculated EF size
dependence to a co-measured ice particle size distribution, if
one is available, can reduce the magnitude of this uncertainty.
The typical angle of attack of the Global Hawk while flying
in the TTL was < 4°, so the uncertainty associated with the
reduction in geometric inlet sampling area due to the flow an-
gle is negligible. The effects of cloud ice particle shattering
on probe and aircraft surfaces have been a significant issue
in measurements of cirrus size distribution and habit (e.g.,
Korolev et al., 2013b). Shattering on the knife edge of the
TW inlet does not present a major uncertainty for the IWC
determination since it results in < 3% uncertainty in the in-
let geometric area, and shattered particles entering the inlet
are vaporized prior to measurement. Combining these uncer-
tainty factors results in an overall uncertainty for IWC deter-
mination of 15-30 %, depending on the mass-weighted cloud
particle size distribution.

Estimating the additional IWC uncertainty associated with
potential sampling artifacts caused by the presence of the air-
craft is difficult. During the ATTREX mission, the NOAA
Water instrument was mounted in a forward fuselage bay
on the right side of the aircraft, approximately 3m behind
the nose (see Fig. 6). Potential ice crystal bounce and de-
flection effects on sampling have not been investigated for
the Global Hawk using computational fluid dynamic simu-
lations, although in the future they could potentially yield
some insight into these issues. In the comparison of total wa-
ter measurements during the MidCiX campaign reported by
Davis et al. (2007b), the reasonable agreement between three
instruments sampling from different locations on the NASA
WB-57F aircraft suggest that the effects for IWC measure-
ment of the type reported here may be small.

Atmos. Meas. Tech., 8, 211-224, 2015

T. D. Thornberry et al.: The NOAA Water instrument

4  Summary

The NOAA Water instrument was developed for accurate in
situ measurements of water vapor and cirrus IWC inthe TTL
and elsewhere in the UT/LS, which are important for our un-
derstanding of the dynamical and microphysical processes
that regulate the H,O distributions in this climatically im-
portant region. The instrument is based on TDL absorption
spectroscopy of H2O in two single-reflection absorption cells
with an absorption path length of 78.6 cm. Wavelength mod-
ulation spectroscopy with a strong H,O absorption line near
2694 nm is used to achieve high sensitivity and good mea-
surement precision at low-ppm H2O mixing ratios. A second,
weaker absorption line is used to provide dynamic range for
measurement of mixing ratios up to 2500 ppm. Data reduc-
tion is simplified by operating the absorption cells at constant
pressure, temperature, and flow, independent of changes in
the ambient sampling environment. The instrument is cali-
brated against a reference hygrometer on the ground and uti-
lizes an onboard calibration system to verify the stability of
the measurement sensitivity during flight. The in-flight cal-
ibrations are compared with identical calibration sequences
run on the ground to verify the consistency of the calibration
system during flight.

The dual-cell design of the instrument allows for simulta-
neous measurement of water vapor and enhanced total water
for the determination of cirrus IWC. Air for the measurement
of H,O vapor is sampled through an inlet oriented perpendic-
ular to the free-stream flow past the aircraft in order to reject
ice crystals, while a forward-facing, subisokinetic inlet pro-
duces inertially enhanced sampling of cirrus particles to yield
high sensitivity to IWC.

The instrument was successfully deployed in multiple
flights in the tropical UT/LS onboard the NASA Global
Hawk UAS during the second deployment of the ATTREX
mission in 2013. Based on flight performance, the overall
uncertainty in the measurement of water vapor (1s, 1lo) is
5% =+ 0.23 ppm, while uncertainty in the determination of
cirrus IWC is estimated to be approximately 20 % (15-30 %).
The enhancement factor for ice particles larger than 7 um was
calculated to be in the range of 33-48 depending on aircraft
altitude, which results in an IWC detection limit of approx-
imately 2 ugm~2. Measurements of H,O mixing ratio and
cirrus IWC in the Pacific TTL during the ATTREX mission
will be used to investigate the dynamic processes and micro-
physics related to the dehydration of air as it is transported
through this region.
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