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Abstract. Standard reference samples of water vapor suit-in equilibrium with ambient water vapor (e.glurst et al,

able for in situ calibration of atmospheric hygrometers are2011). The accuracy of these hygrometers relies on the cali-
not currently widespread, leading to difficulties in unifying bration of the thermistor used to measure the mirror temper-
the calibrations of these hygrometers and potentially con-ature, and the accuracy with which this calibration quantifies
tributing to observed measurement discrepancies. We dethe ice temperature (e.y0mel et al, 2007). Measurements
scribe and evaluate a system for reliably and quantitativelyof water vapor traceable toJ® spectroscopic transitions in-
converting mixtures of Llin air to HO on a heated platinum clude open and closed path absorption spectrometers (e.g.
surface, providing a compact, portable, adjustable source ofay, 1998, and ground or space-based remote sensing in-
water vapor. The technique is shown to be accurate and castrumentation (e.dRead et a].2007 McDermid et al, 2011).

be used to easily and reliably produce a wide range of wateH>O permeation sources that emit water at a known rate and
vapor concentrationsy{(1 ppm—2 %) on demand. The result commercial or custom flow saturation systems are frequently
is a HO standard that is expected to be suitable for in situused to calibrate aircraft instruments in the laboratory before
calibration of aircraft hygrometers, with an accuracy nearlyand after flight Zoger et al. 1999.

that of the available bistandards#4-2 %). A large suite of in situ and remote sensing instruments
that are calibrated in these various ways have been used to
measure UT/LS water vapor mixing ratios. Coincident com-
parisons of these measurements have shown that significant
systematic differences typically occur at mixing ratios be-
Water vapor mixing ratios reach the low parts per million oW 10 ppm Oltmans and Rosenlo200Q Peter et al.2006
(ppm) range in Earth’s upper troposphere and lower stratoY Omel et al, 2007 Weinstock et a].2009. In contrast, a re-
sphere (UT/LS), with the lowest values found near the tropi-C€nt laboratory intercomparisoRighey et al.2009 demon-

cal tropopause and in the Antarctic stratosphere. UT/LS waStrated _subgtant_lally better agreement, suggesting that the ob-
ter vapor is of particular interest due to its role in surface Served in situ discrepancies may be due to differences be-
climate forcing Golomon et al.2010. The calibrations of tween I_aboratory a_nd in situ .operatlon on moving platforms.
instruments that measure low concentrations of water vapoR€S0Iving these discrepancies can be aided by the develop-
are tied to prior thermodynamic or spectroscopic knowledgeMent of more frequently used in situ calibration systems.

of water. For example, the longest continual record of UT/LS  While in situ calibrations of airborne instruments have
water vapor has been made with chilled mirror (frost point) been performed via addition of2® into the instrument inlet

hygrometers, which measure the temperature at which ice i¥hile deployed on an aircraft (e.¢elly et al, 1989, this
procedure is atypical. Part of the challenge in calibrating this

) way is in producing a portable source of water vapor with a
Correspondence toA. W. Rollins known and controllable concentration, and with a flow that
BY (andrew.rollins@noaa.gov) is scalable to instrument sample flow rates. We report the
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design and evaluation of a compact, portable source of wa- S MFC Needle
ter vapor that can reliably provide known mixing ratios over Catalyst A ol
a wide dynamic range, and which, based on our laboratory MFC Pump
evaluation, appears suitable for in situ use aboard aircraft. —>| MFC
The method utilizes the catalytic oxidation of ldn a plat-
inum (Pt) surface. This reactign has been the focus gf anum | MBW je— FPH

ber of experimental and theoretical studies (&/glkening Hy[ |ZA

et al, 1999 and references therein) and has been used in a

least one other instance for generating water vapor standards

(Mackrodt and Ferandes 2001). Here we report quanti- Fig- 1. Diagram of the components used for the dynamic dilution
tative conversion of bl to H,O within the accuracy of the experl_ments. Two mass f_Iow controllers (MFC) generated mixtures
available b standards, and demonstrate the ability to pro- of H in zero air (ZA), which passed through a Pt catalyst and nee-

duce HO concentrations down te: 0.5 ppm in a flow of dle valve or critical orifice before mixing with additional zero air.
. . ’ pp The resulting HO was measured with an MBW 373LX frost point
1500 standard cubic centimeters per minute (sccm).

hygrometer operated at ambient pressure, and a custom frost point
hygrometer backed by a scroll pump and operated at approximately
100 hPa.

v

2 Experiment

Catalytic conversion flow tubes were constructed both ofmixed with more zero air to further dilute the8 produced
0.216cm i.d. Pt tubing (0.995, Refining Systems, Inc., Lasin the catalyst. Figurd shows the components and experi-
Vegas, NV, USA) and 100 mesh Pt gauze (0.999, Sigmammental configuration used in the dilution experiments. Multi-
Aldrich part no. 298093) rolled up and inserted inside ei- ple DryCal flow meters (Bios International Corp.) were used
ther the Pt tube or a 0.493cm i.d. 316 stainless steel (SS{o calibrate the flow controllers used in all experiments. The
tube. The Pt tube has a surface area to volume ratio oDryCal flow meters are a primary standard for volumetric
19 cn? cm~3, while the Pt gauze rolled up inside a tube has flow rate with a stated accuracy df1%. Here we cali-
an estimated surface area to volume ratio of 63cm3 brated the MFCs with 4 different DryCal units and observed
(~52 cn? of Pt surface area for onex® cm gauze). Both agreement to withint1%. The volumetric flow rate mea-
Pt and SS tubes used were 14 cm long and were mounted isurements were converted to mass flow using the tempera-
solid copper blocks configured with cartridge heaters. Theture measured by two type-K thermocouples (Fluk8,2 %
temperature of the catalysts was measured with a type-Kaccuracy), and pressure measured using two vibrating cylin-
thermocouple inserted into a small hole drilled in the heaterder pressure sensors (Weston Aerospa€eQ1 % accuracy).
blocks. A PID (proportional/integral/derivative) temperature However, the mixing ratio calculations stated here are unaf-
controller was used to maintain the temperature of the catafected by the accuracy of temperature and pressure measure-
lysts to+0.5°C. A needle valve or critical orifice was used at ments since these factors cancel when calculating the volu-
the outlet of the tubes to maintain the gas pressure above anmetric mixing ratio.
bient inside the catalyst tube in some of the experiments. The The HO in the zero air tanks used for the experiments
pressure in the catalyst was varied from slightly above am-was quantified using an MBW 373LX frost point hygrome-
bient (830 hPa) to 2000 hPa and was monitored with a prester (MBW Calibration Ltd., Switzerland). These tanks were
sure transducer (Trans-Metrics) and observed to be stable tobserved to consistently contain less than 0.5 pp®.HA
within 1 % during the experiments. molecular sieve moisture trap (Agilent Technologies) was
Several H standards were used for the experiments. Mix- used to further reduce the;B concentration in the zero air
tures of KB in dry air with concentrations ranging from to 0.1+0.1ppm. The large uncertainty stated here in the
201 ppm to 2.00 % were obtained from Air Liquide (Plum- H2O content of the zero air results from the extremely long
steadville, PA) with analytical accuracies &6 %. Addi- time constant (hours) associated with measuring mixing ra-
tionally, a cylinder with 85®+6.4 ppm &0.75%) H was  tios this low. The time constant depends on the continued
obtained from the NOAA/ESRL Global Monitoring Division outgassing of water from internal surfaces of the MBW and
that was produced using gravimetric static dilutibtogelli the highly damped nature of its control algorithm. In all ex-
et al, 1991 Hall et al, 2007). In some experiments theoH — periments, gases were mixed in a manifold of 0.175cm i.d.
standards were passed directly through a catalyst and the relectropolished stainless steel tubing (Winter Technologies),
sulting HO concentration was measured without dilution. with a total internal volume of approximately 0.7 ¢émiThe
In experiments requiring variable concentrations, a series ofnixed gases were transferred to the MBW through 0.5-1m
mass flow controllers (MFC, Tylan 260) were used to pro- of 0.635cm o.d. Synflex tubing (Type 1300, Eaton Corp) to
duce dynamic dilutions of pin additional flows of zero air ~measure the water vapor mixing ratio. Total residence time in
(Air Liguide). A combined total flow of H/air and zero  the mixing and transfer tubing was approximately 1s. None
air near 100 sccm was passed through the catalyst and thesf the tubing other than the catalyst was actively heated,
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allowing the gas to reach room temperature (21*2yprior

to entering the MBW. As seen in the results, the cooling of
the catalyst output did not resultin a measureable los$6f H

on the tubing, as was our expectation due to the extremely _
sub-saturated condition of the flow.

The MBW instrument used for all reported®& measure-
ments is a NIST traceable standard for water vapor measure
ment. It has an accuracy &f0.1°C in the frost point, which
at 830 hPa (typical ambient/experimental pressure in Boul-
der, CO) is£1.6 % of a 1-ppm mixing ratio. In some exper-
iments, an additional custom frost point hygrometer (FPH)
instrument Thornberry et al.2011) was used to corroborate
the MBW measurements. For these experiments, a tee wa
used to sample in parallel 200-400 sccm of the total flow into
the FPH through a critical orifice. The MBW and FPH were
observed to agree at all concentrations to within 1-2 %. The
calibration of the FPH is independent of that of the MBW.
Water vapor measured with the FPH is calculated from: (1)
the frost point which is determined by thermistors calibratedFig_ 2. Temperature dependence of conversion pfteiH,O for 3

to a NIST traceable temperature standard, and (2) the pregstalyst designs. Water vapor was measured with an MBW 373LX
sure which was also determined by the Weston pressure stamygrometer. For this experiment an Bylinder with 914-4.7 ppm
dard. The Goff-Gratch equation for the vapor pressure ofwas used. Nominal conversion is calculated as measured mixing
water over hexagonal ice is used to calculate the water vaparatio/914 x 100 %, and the range of observed conversion that would
mixing ratio from the measured temperature and total presbe within the uncertainty of theylinder is indicated.

sure. The frost point instruments were chosen for this study

due to the NIST traceable nature and reliability of the mea-

surement. While significant discrepancies have been noted The flow rate dependence of the conversion efficiency was
between measurements made by various water vapor instriletermined by varying the flow rate obHhrough the cata-
ments in the atmosphere, in laboratory settings these discrefyst and measuring the resulting@ without dilution. Us-
ancies are not typically observeahey et a.2009. Hence,  ing the catalysts with a single piece of 5gfcm mesh at

we expect that our results were not significantly affected by200°C, greater than 99 % conversion was observed for flow
the choice of water vapor measurement. rates up to 500 sccm with 503 ppm and 2.00% HAn
additional catalyst with two pieces of this mesh was used
to achieve greater than 99 % conversion at flow rates up to
1000sccm. In a number of experiments the internal pres-
sure of the catalyst tube was increased from ambient up
to ~2000 hPa. Typically, at lower temperatures100°C)
[here H was not fully converted to 0D, a small increase
{(1-2 %) in the conversion efficiency was observed upon in-

o creasing the catalyst operating pressure. Increasing the pres-
the catalyst while its temperature was scanned at 100250 sure at a constant mass flow increases the residence time in

_1 .
h™". Figure2 shows the observed temperature dependenc?he catalyst, thus improving the conversion efficiency. It is

from individual experiments for the 0.493-cm stainless steel - e ; : ;
. possible that significantly higher flows may be achieved with
tube with Pt mesh, the bare 0.216 cm Pt tube, and the Pt tUbﬁluch higher pressures, but this was not tested here and other
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3 Results

An initial set of experiments was performed to determine the
temperature, flow rate and pressure dependences of the co
version efficiency. For the temperature experiments, a con
stant B concentration (91#44.7 ppm) was sampled through

with Pt mesh. Here all catalysts were operated at near amyg

bient pressure and 100sccm total flow. The catalyst tem

perature was scanned both up and down in temperature, an

hysteresis on the order of 5-10 was observed, likely due
to slight differences between the temperature of the Pt sur

face and the temperature measured on the heater block. |

all cases 200C was observed to be sufficient for full conver-
sion with the O concentration observed at this temperature
equal to the mixing ratio of the Hwithin the uncertainty of
the mixture (5.1 %).

www.atmos-meas-tech.net/4/2059/2011/

miting factors such as ldiffusion to the Pt surfaces and
aalailability of active sites on the Pt may become limiting.

To demonstrate the capability of the Pt catalyst for pro-
ducing a series of low D mixing ratios for calibration, we

Lr,I]SEd the Pt tube containing Pt mesh at 20@nd a total flow
rate (b in ZA + additional ZA, mixed with two MFCs) of

100 sccm through the catalyst to produce stepsA filom
0.55-107 ppm in a total flow of 1500-2475 sccm. The Pt-
tube was used instead of a stainless tube out of convenience
and because the results from the temperature test2jrlgl

not significantly differ between designs. For this experiment
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4raanl 0l Ll H> mixture, residual HO in the zero air (0.£0.1 ppm), and
P 1 SRR SRR AN s e RS | flow controller accuracy. Uncertainties in the MBW mea-

. % % % % % % surements have been omitted for clarity, but range from 1.7 %
of the mixing ratio at 0.55 ppm to 1.2 % of the mixing ratio
at 107 ppm. For all mixing ratios, the measurements agree
with the predicted HO within the combined uncertainties
(typically £2-3%). At low mixing ratios the total uncer-
tainty is dominated by the uncertainty in the residuaHn
the zero air. At high mixing ratios the uncertainty is mainly
that of the mass flow controllers. The excellent linear fit to
the data shown in Fig. 3 (slope = 0.993, offset&.006 ppm,

R? =1.000) confirms both the near unity conversion oftdl

H>O in our system, and its ability to produce a wide range of
H>O sample mixing ratios with high absolute accuracy. The
near-zero intercept of the fit{0.006 ppm) confirms that no
unexpected offset between the calculated and produced water
vapor concentrations exists with this system, provided there
is an accurate assessment of th&@rtontent of the zero air.

We have observed throughout these experiments that quan-
tifying mixing ratios lower than a few tenths of a ppm in an
14 attempt to establish an instrumental “zero” for a hygrome-
ter intended for atmospheric measurement is both challeng-

ing and time consuming, and likely results in an increased
T T TT T uncertainty in the measurement due to the long equilibra-
1 10 100 tion times required for such dry flows. For example, mea-
H, calculated (ppm) suring the difference between 1.0 ppm and 1.1 ppm can be
done much more accurately and quickly than measuring the
Fig. 3. Observed water vapor mixing ratios produced from a dy- difference between 0.1 and 0.2. This is due both to out-
namic dilution of an H/zero air mixture. Error bars represent the gassing, and to the fact that a mixing ratio of 0.1 ppm even at
20 uncertainty in expected 4D due to accuracy of the Hoottle 1013 hPa is a frost point a¢—90°C which is at or near the
(£0.75 %), 3 flow controllers (1% each) ang® in zero air used  |ower limit for frost point instruments. Therefore, we have
for dilution (0.1£0.1 ppm). Top panel: Vertical range is selected found it more useful to evaluate potential artifacts in our mea-
to clearly show th_e uncgrtainty range for most of the _points. Thegyrement systems, and in the calibration system, by produc-
lowest concentration point (0.55ppm) has an uncertaink20% g 404 measuring atmospherically relevant concentrations,
which exceeds the range shown. Water vapor was measured with Ather than attempting to measure extremely low amounts
MBW 373LX hygrometer. -
that do not occur in the atmosphere. In the present study
the lowest mixing ratio that we report is 0.55 ppm which is
_indeed lower than will be encountered in the UT/LS. Based
the 8509+ 6.4 ppm H reference standard was used with o this work presented here, we recommend that the most re-
total dilution factors ranging from 7.93 to 1880. The time |iaple method to calibrate UT/LS water vapor measurement
typically required to achieve a steady measurementz® H  gsystems is to produce calibration mixing ratios that span a
after changing the fiflow was 10s. The time constant as- yange that has a minimum value that is only somewhat lower

sociated with acquiring a stable signal was determined to bgnan any value that will be measured, and a similarly chosen
mostly due to the frost point instruments, not th&d-source.  aximum value.

This was clear from the different response times of the dif-
ferent frost point instruments. At sub-5 ppmv concentrations
the MBW would require extended time periods to achieve a4 conclusions
stable signal (minutes) while the FPH responded within sec-

onds. This may be due almost entirely to the PID controlThe apility to quantitatively and reliably convert,Htan-

algorithm, which in the FPH is designed for quick responseqards to HO represents a step forward in the available op-

to changes, and in the MBW is designed for stability. tions to calibrate hygrometers due to the ease of producing
We show the results of the accuracy test in Fig. 3. Herea large dynamic range of 20 over a short period of time,

the measured $O mixing ratio is plotted against the mixing as well as having absolute accuracy based on an independent

ratio calculated assuming 100 % conversion of the Error set of B primary standards. While this method is applica-

bars show the combined uncertainty jZassociated with the  ble to use in the laboratory, we expect it will be particularly

1
LI LI L LI I

H,0 - H, (percent)

sd[——- 1-1line
1| — H,0 =0.993 * H, - 0.006 ppm

T 1T T TITT]|

N
1
T

1
T 1T T Trrrr]|

H,0 measured (ppm)
T

N
1
T

o]
1
LELELELRY |

llll T T

Atmos. Meas. Tech., 4, 2059664 2011 www.atmos-meas-tech.net/4/2059/2011/



A. W. Rollins et al.: b based HO calibration source 2063

useful for in situ calibration of research hygrometers inte- Edited by: D. Toohey
grated onboard aircraft where multiple calibration concen-

trations are desired, and where the environment (e.g. temper-

ature, pressure, vibration) in which the calibration system isReferences
contained may be highly variable and difficult to control. As

IS shown.ln Flg'l.the deSIQn.IS simple and rok?ust. This SYS  the AquaVIT Water Vapor Intercomparison: Static Ex-
tem r.eQL-nres no liquid handling, V\{heregs the |mplgmentat|on periments, https://aquavit.icg.kfa-juelich.de/WhitePaper/
of a liquid HyO saturator such as is typically used in labora-  AquaviTwhitePapesFinal 230ct200922MB. pdf, 2009.
tory calibrations would be significantly more complicated in Ha||, B. D., Dutton, G. S., and Elkins, J. W.: The NOAA nitrous
a moving, unpressurized and unheated aircraft environment. oxide standard scale for atmospheric observations, J. Geophys.
The results displayed in Fi@ were obtained using a criti- Res., 112, D0930%l0i:10.1029/2006JD007952007.
cal orifice at the catalyst outlet as shown in Bgrendering  Hurst, D. F., Oltmans, S. J.,0/mel, H., Rosenlof, K. H., Davis,
the system insensitive to the catalyst outlet pressure or sim- S- M., Ray, E. A, Hall, E. G,, and Jordan, A. F.: Strato-
ilarly the target instrument's inlet pressure which may vary spheric water vapor trends over Boulder, Colorado: Analysis
during a flight. Assuming that the performance of the flow gl;it-hl% i%g’g/%?ggg’g{gggggdl'l‘]' Geophys. Res., 116, D02306,
e Tl IS0l . K, Tk .. Mgy, O W, Prfit, ., Eaoy

. ' . 7" D.W,Jones, R. L., McKenna, D. S., Loewenstein, M., Podolske,
the observed response time of theHoutput to changes in

) . o J. R., Strahan, S. E., Ferry, G. V., Chan, K. R., Vedder, J. F,,
the input flows was consistently less than 10 s (limited to the Gregory, G. L., Hypes, W. D., McCormick, M. P., Browell, E. V.,

MBW and FPH response time). Therefore, a number gDH and Heidt, L. E.: Dehydration in the lower Antarctic stratosphere
concentrations spanning a large dynamic range can be sam- during late winter and early spring, 1987, J. Geophys. Res., 109,
pled into an instrument inlet in the course of minutes. 11317-11357, 1989.

We have used the Pt mesh versions of catalysts describeidackrodt, T. and Fefandes, F.: The PTB Coulometrie Humidity
here continuously for months of daily use in our laboratory =~ Generator as primary standard for trace huidity measurements in
without any observed decrease in catalytic efficiency. Un- 9ases, Proc. TEMPMEKO 2001, 589-596, 2001.
like H,0, Hy does not have an affinity for stainless steel or May, R. D.: Open-patr_], near-infrared tunable diode laser spectrom-
Teflon tubing materials. It can easily be diluted to the desired eter for atmospheric measurements GfCH J. Geophys. Res.,

. . 103, 19161-19172, 1998.
Concgntratlon us'lng flow contrqllers and convgrted @H McDermid, I. S., Leblanc, T., and Walsh, T. D.: Ground-based wa-
at_an mstrument; inlet by |°C"f‘t'.ng_ the catalyst immediately ter vapor Raman lidar measurements up to the upper troposphere
prior to the sampling port to minimize effects o$8 loss or

and lower stratosphere — Part 1: Instrument development, opti-
enhancement from the wetted surfaces. The catalyst System mization, and validation, Atmos. Meas. Tech. Discuss., 4, 5079—

Fahey, D. W., Gao, R.-S., and d#ler, O.: Summary of

we have described here is compae2(cmx 3 cmx 15 cm ex- 5109,doi:10.5194/amtd-4-5079-2012011.
cluding the gas cylinders and flow controllers) and requiresNovelli, P. C., Elkins, J. W., and Steele, L. P.: The development and
little power (10 W with~5mm thick ceramic foam insu- evaluation of a gravimetric reference scale for measurements of

lation around the copper heater block). The specific de- atmospheric carbon monoxide, J. Geophys. Res., 104, 13109-
sign reported here was built to generate concentrations of 13121, 1991. o
~1-300 ppm in flows of 1500—-2000 sccm. While practical Oltmans, S. and Rosenlof, K.: Chapter 21. Data Quality, II’]Z.
flow and detection axis design limitations constrain which of \?VZ?;%aAZi?S;BnOeom of Upper Tropospheric and Stratospheric
the existing Watef vapor inSt.rumemS could ea_sily impl?m(.an. eter, T, Mzrcoili, C., épichtenger, P., Corti, T., Baker, M. B., and
Fhe sys_tem descrllbed here, mstru.ments do exist to which it is Koop, T.: When dry air is too humid, Science, 314, 13991402,
immediately applicable due to their sample flow rates. Larger i:10.1126/science.1135192006.
total flow rates can be accommodated by either converting &ead, W. G., Lambert, A., Bacmeister, J., Cofield, R. E., Chris-
higher concentration of fprior to dilution, or by increasing tensen, L. E., Cuddy, D. T., Daffer, W. H., Drouin, B. J., Fet-
the total Pt surface area by using a larger tube to accommo- zer, E., Froidevaux, L., Fuller, R., Herman, R., Jarnot, R. F,,
date higher flow rates through the catalyst. Thus, instruments Jiang, J. H., Jiang, Y. B., Kelly, K., Knosp, B. W., Kovalenko,
requiring much different flow rates for calibration may be L. J., Livesey, N. J., Liu, H.-C., Manney, G. L., Pickett, H. M.,
calibrated using the same primary reference. Pumphrey, H. C., Rosenlof, K. H., Sabounchi, X., Santee, M. L.,
In this work we have demonstrated a method that can be Schwartz, M. J., Snyder, W. V., Stek, P. C., Su, H., Takacs, L. L.,
used to provide low concentration (1~10 ppm) water vapor | Urstans, R. P, mel, H., Wagner, P. A., Waters, J. W., Web-
calibration samples, with accuracies better theB%. As ster, C. R., Weinstock, E. M., and Wu, D. L.; Aura Microwave

. . f . h d di | Limb Sounder upper tropospheric and lower stratosphesi©o H
previous aircraft campaigns have demonstrated instrumental 4 rejative humidity with respect to ice validation, J. Geophys.

differences in this mixing ratio range in Iarge excess of this Res., 112, D24S3%|0i:10.1029/2007JD008752007.
level of accuracy, the system described here is relevant andglomon, S., Rosenlof, K. H., Portmann, R. W., Daniel, J. S.,

should be useful towards resolving these discrepancies. Davis, S. M., Sanford, T. J., and Plattner, F.-K.: Con-
tributions of Stratospheric Water Vapor to Decadal Changes
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