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1. Introduction

Water vapor is the most important greenhouse gas in the atmosphere and represents a major
feedback to warming and other changes in the climate system (7renberth et al., 2007).
Knowledge of the distribution of water vapor and how it is changing as climate changes is
especially important in the upper troposphere and lower stratosphere (UT/LS) where water vapor
plays a critical role in determining atmospheric radiative balance, cirrus cloud formation, and
photochemistry. Dehydration processes reduce water vapor amounts to part per million by
volume (ppm) values in UT air before it enters the LS as part of the large-scale circulation of the
atmosphere. The microphysics related to dehydration and cirrus cloud nucleation are not fully
understood at present, limiting our ability to accurately model the dehydration process and,
hence, our ability to fully describe the interaction of the UT/LS water vapor distribution with
climate change.

Our understanding of water vapor processes in the UT/LS is limited, in part, by large
uncertainties in available water measurements, particularly in the 1 to 10 ppm range typical of
this region of the atmosphere. For example, in situ instruments involving both extractive and
non-extractive sampling on airborne platforms in the UT/LS have consistently shown significant
disagreement (up to 50 - 100% or 1-2 ppm) at low water values (< 10 ppm). Examples of
tropical profiles with such discrepancies are shown in Figure 1. One important consequence of
these differences is that large values of supersaturation over ice have been reported in the UT/LS
with the largest being over 100% (Jensen et al., 2005; Peter et al., 2006). At this point in time,
such values are unexpected based on our understanding of the fundamental microphysics of ice
formation.

Discrepancies in water vapor observations have long been noted. The 2000 SPARC Assessment
of Upper Tropospheric and Stratospheric Water Vapour (SPARC, 2000) is the most recent
comprehensive assessment. It includes intercomparisons of satellite, aircraft, balloon-borne, and
ground-based water vapor instrumentation that show discrepancies in the critical range of 1 to 10
ppm. Since the SPARC report, discrepancies have remained between key datasets. The
AquaVIT campaign was undertaken at the AIDA chamber at Forschungszentrum Karlsruhe as an
effort to clarify uncertainties in UT/LS water vapor measurements and help identify the cause(s)
of the discrepancies. AquaVIT was designed to reveal instrument calibration and artifact issues
that can potentially affect both ground-based and airborne measurements. However, AquaVIT
does not address atmospheric sampling issues, which primarily affect in-flight performance, and,
thus, require separate evaluation approaches.

AquaVIT was a controlled, refereed, blind intercomparison of principal airborne field
instruments using the AIDA chamber. Conditions in the chamber ranged over pressure,
temperature and water vapor conditions found in the tropical UT/LS. Advantages of the
AquaVIT approach are that, by comparing instruments in a controlled ground-based facility,
systematic measurement problems and perhaps their causes could be identified more readily and
with less expense and effort than in airborne campaigns. In addition, AquaVIT included
instruments that were relatively new to atmospheric measurements or still under development in
order to accelerate their progress in becoming reliable and accurate water vapor instruments for
use in future field measurement campaigns.

The AquaVIT experiments occurred in two one-week phases in October 2007 in Karlsruhe,
Germany. The first phase was devoted to static intercomparisons with a separate experiment
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each day (15-19 October) at almost constant pressure and temperature conditions. The second
phase was a week of dynamic intercomparisons, with several experiments each day (22-26
October) under varying pressure, temperature and humidity conditions and with the absence and
presence of ice clouds. Instruments participated in one or both phases. A summary of chamber
conditions during each intercomparison week is shown in Table 1. In this document, only the
static experiments and their results are described.

II. AIDA chamber

The Aerosol Interaction and Dynamics in the Atmosphere (AIDA) chamber is located at
Forschungszentrum Karlsruhe. The chamber is an aluminum vessel of volume 84 m3 with
facility to control pressure from an atmosphere to as low as 0.01 mbar and temperature from
ambient to as low as 182K (Mohler et al., 2003). This range of conditions allows for simulating
atmospheric aerosol and cloud processes in the troposphere and lower stratosphere on short
(minutes) to long (days) time scales. Important features of the AIDA chamber for AquaVIT
were:

* Static and dynamic conditions. The operation of the chamber allowed for static conditions
of near-constant pressure (=1 hPa), temperature (+0.3 K), and humidity, and for dynamic
conditions during which the pressure, temperature and humidity were altered by the addition
of dry air or the partial removal of chamber air by pumping. Ice clouds were occasionally
formed by the removal of chamber air, which causes adiabatic cooling, or by injection of
water.

* Large capacity. The large chamber volume allowed multiple instruments outside the
chamber to extract sample air for extended periods with only slow changes occurring in the
relative humidity or pressure inside the chamber. In addition, several non-extractive
sampling instruments were located inside without significantly altering chamber conditions.

* Relative humidity range. The relative humidity in the chamber was controlled by direct
water addition, wall temperature changes, and controlled evacuation of the chamber to match
conditions in the upper troposphere and lower stratosphere (UT/LS), i.e., water vapor mixing
ratios < 20 ppm, pressures < 200 hPa, and temperatures between 180K and 210K.

* Customized extractive sampling probes. Customized, extractive sampling probes were
implemented for AquaVIT to bring chamber air to instruments located outside the chamber.
The probes were made of stainless steel and heated to avoid water adsorption on the probe
inner walls at low chamber temperatures.

II1. Data Protocol

All investigators signed the data protocol adopted for AquaVIT. The protocol encouraged rapid
assessment and use of the results from the AquaVIT tests while upholding the rights of the
individual scientists and treating all participants equitably. Key features of the protocol are:

* Quick-look data. Preliminary or quick-look data obtained during the AquaVIT campaign
were made available to the referees as soon as possible following each day’s experiments
(<24 hrs). In the event of obvious difficulties, this allowed the referees to suggest
corrections or amendments to data processing, instrument configuration, or instrument
operation be made as soon as possible, thereby improving the overall outcome of the
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intercomparison;

* Blind intercomparison. A blind intercomparison was established so that preliminary data
submitted during the campaign and the short evaluation period immediately following the
campaign were available outside the investigator groups only to the referees (O. Moéhler,
D. W. Fahey, and R. S. Gao);

e Final data. After the end of the short evaluation period (4 December 2007) the submitted
datasets were released to all participants. Any further changes to a submitted dataset
required documentation from an instrument’s Principal Investigator and approval by the
referees. All datasets were considered final on 10 January 2008.

A dedicated wikipage with password protection enabled archiving and interchange of datasets
among the participants and access to other AquaVIT documents and information.
(https://aquavit.icg.kfa-juelich.de/AquaVit/)

IV. Instruments

A. Intercomparison instruments. AquaVIT included 25 different instruments utilizing both
state-of-the-art and newly developed techniques (Table 2). The instruments were provided and
managed by 17 investigator groups from 7 countries, thereby representing a large fraction of the
upper-atmosphere water-vapor community. Four categories of AquaVIT instruments are listed
in Table 2 and described in the following sections.

* Core instruments. The core instrument group for the intercomparison is comprised of eight
water vapor instruments: APicT, CFH, FISH-1, FISH-2, FLASH-B1, FLASH-B2, HWV,
JLH. The APicT, as an AIDA facility instrument, has been involved in many AIDA chamber
experiments. The other instruments have a long history of field measurements and
intercomparisons on balloon and aircraft platforms operating in the upper troposphere and
stratosphere. The mixing ratio discrepancies noted at low values in these regions derive from
a variety of datasets from these instruments. Establishing the accuracy of the core
instruments under controlled laboratory conditions was the primary objective of AquaVIT.
The accuracy and precision for each of the core instruments are listed in Table 3 as provided
by the Principal Investigators.

» Formal intercomparison instruments. Ten non-core instruments participated formally in
the blind, refereed intercomparison. The group included mature instruments that had been
used in field measurements as well as instruments that were in the initial to later stages of
development. For three of these instruments (APeT, DM500, and VCSEL) no statistical
analyses were performed for the static experiments due to the submission of no data or
insufficient data.

e Informal intercomparison instruments. Four non-core instruments did not participate in
the blind, refereed intercomparison because of instrument or configuration difficulties during
the campaign that limited the collection of science-quality data.

e Instruments with no participation. Three non-core instruments did not participate in the
data intercomparison because instrument or configuration difficulties were sufficiently severe
that no science-quality data could be submitted.

Brief descriptions of the core (non-core) instruments, their configuration in the AIDA chamber,
their performance during the static experiments and lessons learned from AquaVIT are included
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in Appendix A (B). The AIDA configurations for most instruments were not identical to their
operation in the field on moving platforms, thereby creating concerns related, for example, to
sample flow, contamination, or background signals. The interpretation of the AquaVIT results
presented here must take these concerns into account before the results can be used to evaluate
the discrepancies in the field observations.

B. Reference instruments. There was no water vapor instrument designated as the absolute
reference for the AquaVIT intercomparison. An absolute reference instrument would provide
reliable and consistent measurements of the chamber water-vapor mixing ratio, either with
extractive or non-extractive sampling, over a large range of pressure, temperature, and humidity
conditions with objective uncertainty estimates and calibration traceable to international
calibration standards. No AquaVIT instrument has been shown to meet those criteria. However,
the analysis of the APict data from the dynamic experiments provides strong evidence that APict
could serve as an absolute reference instrument for the static intercomparisons. In addition, the
MBW-373LX frostpoint and a calibrated permeation source for water vapor were also used as
reference instruments in separate intercomparisons with individual instruments. These reference
instruments are discussed in Section E. In the absence of an absolute reference instrument for
AquaVIT, the reference values used in the intercomparison analyses were derived from the core
instrument values as described in Section VI.B.

V. AIDA Chamber Instrument Configuration

The overall configuration of AquaVIT instruments in the AIDA chamber facility is shown in
Figure 2. The instrument sampling techniques can be classified into two distinct types. The first
type is extractive sampling, which requires gas be removed through a heated probe located inside
the chamber and through heated sample lines that pass through the chamber and thermal
enclosure walls. Of the core instruments, CFH, FISH-1, FISH-2, FLASH-B2, and HWV used
extractive sampling. Of all the instruments with extractive sampling, three were located outside
the chamber but inside the chamber thermal enclosure (OJSTER, PicoSDLA, and NCAR-Buck).
Chamber sampling probes and the HWV configuration are shown in Figure 3.

The second type is internal or non-extractive sampling. Three core instruments (APicT, FLASH-
B1, and JLH) and one non-core instrument (SnowWhite) used non-extractive sampling. APict
and JLH used open-path optical absorption spectroscopy and FLASH-B1 used fluorescence to
measure water vapor directly inside the chamber without extracting or modifying the gas volume
in the measurement area. The JLH laser, detector, and optical path (with a virtual sampling
volume of approximately 1.6 liters) were mounted entirely inside the chamber, as was the
SnowWhite instrument sensor (Figure 4). For both of these instruments, the associated control
and data recording electronics remained outside the thermal enclosure. The APicT and FLASH-
B1 instruments also probed chamber air without extractive sampling by having optical paths
located inside the chamber, and instrument locations outside the chamber but inside the thermal
enclosure (except for some electronic components). The APicT was the only instrument that
provided a measurement of the average water-vapor abundance over the full diameter of the
chamber by folding its optical path between the inner chamber walls. Some part of the APicT
optics (and 0.5% of the total absorption path) was located outside the main chamber but in the
cold, dry area inside the thermal enclosure. The FLASH-B1 instrument was mounted outside the
chamber wall and measured water vapor optically through an opening in the wall.
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A flow of chamber air was required for all of the extractive instruments with nominal values
indicated in Figure 2. The flow was maintained with pumps provided by the investigators or the
large auxiliary pumping system available in the AIDA facility. The maintenance of mass flow
rates sufficiently large to adequately simulate instrument operation in field sampling was a
concern for some instruments, especially at the lowest chamber pressures.

VI. AquaVIT Static Experiments
A. AIDA chamber conditions. The static intercomparison experiments were characterized by

* Constant chamber temperature. The temperature was reduced in daily steps from ~240K
on the first day to ~185K on the last day. The temperature was stable to +0.3K during the
measurement segments.

* Constant chamber pressure. The pressure was held constant in 0.5 - 1-hr intervals or
segments (approximately 7) during each day. The pressure in consecutive intervals started at
~50 hPa, increased to 300 or 500 hPa and then decreased to ~50hPa. The pressure was stable
to =1 hPa during the measurement segments.

* Controlled range of water-vapor mixing ratio values. The mixing ratio varied depending
on the amount of water added directly to the chamber at the beginning of each day’s
experiment and on the subsequent changes in chamber conditions.

The actual pressure and temperature time series for the static experiments are shown in Figure 5.
The transient temperature excursions in the time series are the adiabatic responses to the
occasional rapid addition or removal of air from the chamber.

The static intercomparisons were divided into intervals or segments of constant pressures and
temperatures. Figure 6 and Table 4 show the average pressure, temperature, and water-vapor
mixing ratio values for the segments used in the accuracy and precision analyses presented
below. During each segment, the pressure slowly decreased due to the extractive sampling of
chamber air by many of the instruments. From the flow values in Figure 2, the total extractive
flow was typically in the range 50 — 140 standard I/min depending on the exact instrument
configuration and operating conditions. This range corresponds to a removal of 0.05 —0.16% of
the total chamber volume (84 m3) each minute. As the pressure decreased in the chamber, a
servo control system added dry air (< 3 ppm) to maintain pressure constant within =1 hPa.
During the static segments with constant pressure, the gas temperatures measured at various
chamber locations deviated by less than 0.3 K from the average AIDA air temperature. A large
vane-axial fan inside the chamber was used routinely to promote uniform mixing ratio and
temperature conditions throughout the chamber (Mdhler et al., 2003).

Overnight between experiments the chamber was fully evacuated (< 0.01 hPa). Each morning,
an amount of pure water vapor was added to the chamber and then subsequently diluted during
the first half of the day as dry air (< 3 ppm) was added to the chamber to increase the total
pressure stepwise to 500 hPa. The amount of water vapor was kept below ice saturation values
(Figure 7). The resulting water vapor mixing ratios in the static measurement segments varied
from 0.2 to 150 ppm as shown in Table 4.

Under certain situations the gas-phase water-vapor mixing ratio is not conserved in the AIDA
chamber. The first situation occurs when the water vapor mixing ratio of the synthetic air added
for constant pressure regulation during sampling periods or for increasing the chamber total
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pressure differs from the water vapor mixing ratio present in the chamber air. Generally the
added air is drier than the chamber air causing the mixing ratio to decrease with time. The
second situation occurs when the chamber walls are at least partially coated with ice. Wall ice
acts as a source or sink of water vapor in the chamber, depending on the actual partial pressure in
the chamber volume and the saturation pressure above the wall ice coating. The effects of this
source are clearly demonstrated by water vapor mixing ratios that do not remain constant when
the chamber pressure is decreased by pumping with wall-ice present. Non-conservation was also
observed to a lesser extent in the ice-free static experiments due to the adsorption and desorption
of water on the walls. Examples of this are shown by the time series in Figure 8 in which the
water vapor mixing ratio increases when the chamber pressure is reduced in the second half of
the day’s experiment. If there are no other sources of water vapor then the mixing ratio should
remain constant as air is pumped from the chamber. Non-conservation of water vapor does not
interfere fundamentally with the AquaVIT results because the water vapor mixing ratios always
changed slowly with time within an intercomparison segment and remained uniform inside the
chamber with stirring from an internal fan (see discussion below).

B. Static experiment data processing. For each day of the static experiment series, the
instrument teams submitted a data file reporting water vapor mixing ratios vs. UT time. The
measurement interval for most instruments was 1 s. As an example, the 1-s datasets for 15
October are plotted in Figure 8 on logarithmic and linear scales. The maximum differences in
absolute value and variability are large, particularly at low mixing ratios.

The data processing steps taken for the combined dataset were the following:

* Define segments. The time series were divided into constant pressure and near constant
temperature segments for statistical analysis. Not all segments were used in the
intercomparison analysis. The criteria for selecting a segment were near-constant or slowly
and linearly varying water vapor mixing ratios within the segment and the availability of
water vapor data for the segment from a majority of the core instruments. The first criterion
ensured uniform mixing ratio conditions in the chamber and, hence, each sample line. In
defining the segments, measurements during addition or removal of chamber air were
excluded because the chamber conditions were rapidly changing and generally less uniform.
Constant or linearly varying water vapor values in a segment were also key to the precision
analysis described below. Segment lengths in the range 900-3600s were chosen to provide
good statistical confidence in the subsequent analysis steps. The times and lengths of the
segments used in the analysis along with average pressure, temperature, and water-vapor
mixing ratios are provided in Table 4.

* Calculate linear fits for each instrument segment. A linear fit was performed on the time
series data for each core instrument for each segment.

* Calculate reference water vapor mixing ratios. The reference water-vapor mixing ratio
for each segment was obtained using only the core instrument data. A two-step process was
adopted to provide a consistent basis of comparison across and within segments. First, a
single linear fit was performed on the complete set of core linear fits. This combined fit was
chosen over a simple average of all core instrument data in order to give the same weight to
all core instruments in deriving the reference value. This combined fit is defined as the
reference function for the segment. Second, the reference water-vapor mixing ratio for the
segment was defined to be the average of the reference function over the segment. These
reference values as listed in Table 4 are used throughout the analysis and plots presented
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here. Note that the number of instruments reporting data for each segment generally
influences the reference value. It is incorrect to use the reference values to infer the absolute
accuracy of any instrument averages (see Section C.2.).

* Calculate 1-s probability distribution functions (pdfs) for each segment. For each
instrument the differences between the instrument 1-s values and the reference function were
used to form a pdf for each segment time series. A Gaussian function was fit to each pdf.
The difference between the Gaussian mean and the reference value was assigned to be the
average difference for the segment. These values appear for each instrument segment as
separate symbols in Figures 9 and 10. The pdfs and Gaussian fits of the core instrument data
are shown in Figure 11.

* Calculate instrument precision. The standard deviation (10) of each Gaussian fit is
defined to be the instrument precision for a segment. Examples of instrument precision
values are shown in Table 5 for core and non-core instruments. The mean values (symbol),
precision (thick line), and maximum and minimum pdf values (thin line) are plotted for the
core instrument segments in Figure 11. The precision calculations for 1-s and 5-s time series
data are contrasted in Figure 12.

C. Summary of static experiments: Core instruments.

C.1. Reference value comparisons. A summary of the core instrument intercomparison results
for the 5-day static experiment series is shown in the plots in Figure 9. The symbols represent
the average difference within a segment from the reference water vapor value for that segment.
Note in Figure 6 the large range of pressures for all segment groups. Summary points for all
core segment results are:

* 10 - 150 ppm H>0: Good agreement occurs in this range. Except for a few segments, all
the instrument segment values agree with the reference within £10%. The instrument
segment averages agree with each other within £6%. The FLASH instruments show the
greatest segment-to-segment variability and largest differences (see Appendix A4). The
instruments other than FLASH-B1/B2 show a small segment-to-segment variability (~5%)
indicating good instrument stability relative to the water vapor signal level and systematic
uncertainties that are constant throughout these experiments. There is some tendency of the
largest differences to occur for the lowest pressure range (< 70 hPa).

* ] <H0 < 10ppm: Fair agreement occurs in this range. All the instrument segment values
agree with the reference within about £20%. The instrument averages over all segments also
agree with each other within about £20%. The segment-to-segment variability for each
instrument is about 10% or greater indicating, in comparison to the results for 10 - 150 ppm
H>O, instrument stability issues and systematic uncertainties that are important relative to the
water vapor signal value.

* 0.2 <H>0 < 1ppm: Poor agreement occurs in this range. Fewer instruments reported data
for these segments than for the other two mixing ratio ranges. In this range more so than in
the two higher ranges, the reference value is influenced more strongly by the FISH results
since the FISH-1 and FISH-2 data are essentially equal and fewer instruments contribute to
the reference value calculation. All the instrument segment values agree with the reference
and with each other within a range of about -100% to +150%. However, the differences in
absolute terms are less than 0.4 ppm. All segments have pressures > 150 hPa. Although

10
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mixing ratios in this range occur rarely in the UT/LS, these measurements help define the
detection limits and performance limits of the instruments.

C.2. Uncertainties. The uncertainties of the core instruments are listed in Table 3 as provided by
the investigators and documented in Appendix A. The error bars representing these uncertainties
are added to the individual segment difference values and plotted vs. water vapor mixing ratio in
Figures 9C-9] for the core instruments. Since no absolute reference value was established for
AquaVIT (see Section IV-B), no independent conclusion can be drawn concerning whether the
individual uncertainty ranges include the correct value. However, the core instruments
uncertainties come from largely independent calibration procedures derived from one or more
absolute standards. As an alternative, instrument pairs can be compared to see if the respective
measurements agree within the combined uncertainties. As indicated in Figures 9B-9J, this is
most often the case for the core instruments, particularly in the range of 1 — 150 ppm. Thus, it is
highly likely that the correct water vapor value for each segment is between the maximum and
minimum of the segment averages of the core instruments. This corresponds to +10% for the 1-
150 ppm range and about +100% for values < 1 ppm.

The analysis of the APicT measurement uncertainty during the dynamic experiments provides
strong independent evidence that APicT could be considered an absolute reference for water
vapor with 5% uncertainty (see Section E.3 and Appendix A1 for details). For the static
experiments, the average difference between the APicT segment values and the calculated
reference values is -3% with a range of 1-5% (Figure 9A, 9C). These APicT results strengthen
the conclusion that the correct water vapor values are bounded by the core instrument averages.

C.3. Precision. The precision of the core instrument measurements is shown in Figures 11 and
12 for each segment and in Table 5 for a few example segments. The precision is the standard
deviation (10) of the Gaussian fit to the pdf of the differences from the reference function. Most
of the segment pdfs show a good Gaussian fit indicating good stochastic behavior of the
detection module in each instrument. The magnitude of the precision is typically in the range of
0.1 to 0.2 ppm, which suggests that the 1-s measurement precision is not a large component of
the uncertainty in the 1 - 150 ppm range when averaging over segment lengths of 1800-3600s.

A comparison of precision derived from 1-s and 5-s time series measurements is shown in Figure
12 and in Table 5. If the measurement variability is truly random, then the pdf of 5-s
measurements should be a factor of 50-5 = 2.2 less than 1-s precision values. Table 5 shows that
this is not the case for most of the core and non-core instruments. The largest ratios of about 1.7
are found for the FISH instruments. This suggests that the measurement variability is not
completely random on the 1s-5s timescale for most of the instruments and may contain
significant contributions from instrument drift and varying signal components.

C.4. Correlations. In the absence of an absolute reference value, examining the correlation
between core instrument measurements is of additional value in assessing the systematic
performance of individual instruments.

The correlations with the reference values for all the core instrument data for water vapor mixing
ratios in the range 1 — 10 ppm are shown in Figure 13A. The +£10% lines bound most of the
combined dataset particularly above 2 ppm as expected from Figure 9A and 9B. More
importantly here, the relationships between the measurement datasets are linear in this mixing
ratio range indicating that differences could be largely corrected with simple scale factors related
to differences in the individual instrument calibration procedures. Such deviations between the
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instruments might be removed by the introduction of a unified, traceable calibration procedure
for all instruments using the same high-accuracy water vapor source. Exceptions to simple scale
factors are the clusters of HWV and FISH-1/2 data points near 2 ppm that are offset from the
linear correlation of the remaining data.

The correlations with APicT data over the full mixing ratio range are shown in Figure 13 for all
other core instruments. APicT was chosen as the common dataset in each plot instead of the
reference values because APicT reported data for all segments and APicT average values are
uniformly close to the reference values over the range 1-150 ppm. Three instruments (CFH,
HWYV, and JLH) show a linear relation to APicT (and, hence, to each other) over the entire
range. This indicates that differences between these datasets could be removed with scale
factors. The remaining instruments (FISH-1/2 and FLASH-B2) show a much less linear
correlation over the mixing ratio range. For FISH-1 and FISH-2, the correlation slope changes
significantly above about 100 ppm. For FLASH-B1 and FLASH-B2, there are irregularities in
the slope below about 50 ppm. For FLASH-B2, the correlation slope changes gradually with
increasing mixing ratio above 50 ppm. The slope changes for the FISH and FLASH instruments
have been explained by the principal investigators (see Appendix A).

D. Summary of static experiments: Non-Core instruments.

A summary of the formal intercomparison results for the non-core instruments is shown in
Figure 10 for the 5-day static experiment series. Plot details are the same as described above for
Figure 9. The segment reference functions and values for the non-core instruments are those
derived for the core instrument intercomparisons. Figure 10A shows a combination of results
from the seven non-core instruments and the eight core instruments. Missing in Figure 10A are
data for VCSEL and APeT, which submitted data only for the dynamic experiments, and for
DMS500, which submitted data insufficient for the statistical analysis presented here.

Summary points for all non-core segment results are:

* 10 - 150 ppm H>0: The best overall agreement with the core reference values occurs in
this range. Segment differences show a wider range than core instruments, varying from
about -100% to +200% with most of the data falling within the -30% to +50% range.
Instrument averages also show a wider range, varying from about -90% to +40%.

* I <H>0 <10 ppm: Poorer agreement with the core reference values occurs in this range.
Segment differences show a much wider range than core instruments, varying from about -
20% to +1000% with most instruments significantly higher than the reference value.

*0.2<H>0 <1ppm: The poorest agreement with the core reference values occurs in this
range as also found for the core instruments. Only two instruments submitted data for these
low values. The results are 100-300% higher than the reference value.

A comparison of core/non-core instrument results in Figure 10A reveals that far fewer segment
values are available from the non-core instruments. Notable exceptions are the PicoSDLA and
Wasul-Hygro2 instruments, which reported data for each segment. However, only a few
segments could be analyzed for Wasul-Hygro2 due to its low data-sampling rate.

E. Absolute reference instruments.

Three AquaVIT instruments have relevance in serving as absolute reference standards. The
MBW-373LX and the PTB water vapor permeation source have direct links to international

12
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standards. APicT was tested during AquaVIT under ice-saturation conditions, which allows a
direct comparison to laboratory ice-saturation equilibrium vapor pressures.

E.1. MBW-373LX. The AIDA facility regularly uses a chilled-mirror frostpoint hygrometer
from MBW Calibration Ltd. in Switzerland (MBW-373LX, see http://www.mbw.ch). The
MBW unit has a frost point accuracy of +0.1K traceable to calibration standards maintained by
the German metrology laboratory (Physikalisch-Technische Bundesanstalt (PTB)) and linked to
international standards. The MBW-373LX unfortunately is not designed to operate with sample
line pressures less than one atmosphere and thus could not be used as the reference instrument in
AquaVIT. Near atmospheric pressure, however, the MBW hygrometer has intercompared well
with the APicT, another facility instrument, in many previous AIDA experiments.

E.2. PTB water vapor permeation source. A calibrated permeation source of water vapor was
provided to the AquaVIT team during the experiment period by Dr. Peter Mackrodt of PTB in
Germany. The calibration accuracy is 2% for mixing ratios between 0.5 and 5 ppm. Three
instruments, CFH, MBW-373LX, and VCSEL were intercompared to the device, which provided
a small gas flow with a known mixing ratio of water vapor. Details of the permeation source and
some intercomparison results are described in Appendix C. Reported differences were <+10%.

E.3. APicT. The APicT water vapor mixing rations were compared to equilibrium ice saturation
values during the AquaVIT dynamic experiments. During the experiments, dense ice clouds
were present in the AIDA chamber under almost constant pressure and temperature conditions.
As a consequence, the water vapor mixing ratios inside the chamber were assumed to be ice-
saturation values at the respective gas temperatures. The variability of the gas temperatures
measured throughout the chamber volume was typically less than +0.2 °C, which means that the
variability of the water saturation pressure above the ice-crystal phase was less than about +£3%.
The average values of water vapor and temperature in the ice-saturated segments varied over
wide ranges (0.01-40 Pa and 185-243K) (Table 1, Figure A1.1). During the segments, the water-
vapor partial pressure measured in situ with the APicT instrument deviated by less than 3%
from the ice-saturation pressures calculated from laboratory vapor pressure relations, which have
an estimated uncertainty of 1% (Murphy and Koop, 2005) (Figure A1.1). Within estimated
uncertainty limits of about 5%, APicT values agreed with the expected ice-saturation values.

VII. Atmospheric Implications of the AquaVIT Static Experiment Results

The AquaVIT results have implications for atmospheric measurements of water vapor made by
the AquaVIT core instruments in the UT/LS region. The mixing ratio values in AquaVIT
spanned the range of <1 - 150 ppm, which is highly relevant for the tropical UT/LS where
dehydration processes produce the lowest mixing ratios generally observed in the atmosphere.
The core instrument results showed agreement in the key 1-10 ppm range within about +£10%.
Part of the motivation for AquaVIT was to provide a partial basis to resolve the field
discrepancies observed when core instruments are operated in the UT/LS on the same or
different moving platforms (Vomel, 2006; Peter et al., 2006). In some cases, these discrepancies
are large enough (50 - 100%) to interfere with answering important scientific questions about
water vapor in the UT/LS. An example of differences associated with core instruments is shown
in Figure 1. An important conclusion from AquaVIT is that the differences observed in the field
(Figure 1) are significantly larger than those found for CFH and HWYV in the static experiments
as shown in Figure 9. However, the qualitative differences are similar, with CFH values less
than HWV values. Further conclusions may follow from a systematic assessment of the field
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observations by instrument investigators that includes the AquaVIT results. Instrument response
to changing water vapor abundances will be investigated further using data from the Aquavit
dynamic experiments and presented in a separate white paper.

Caution must be taken in using the static intercomparison results to infer instrument performance
on moving platforms (e.g., balloons and aircraft) because AquaVIT did not fully reproduce
UT/LS instrument or sampling conditions for the diverse set of instruments involved, nor could it
be expected to. For example, the extractive sampling instruments in AquaVIT were not under
the same physical conditions that they experience on moving platforms in the UT/LS. For those
instruments mounted outside the AIDA chamber, ambient pressures and/or temperatures were
generally significantly higher than typically encountered in UT/LS flights. Similarly, sample
flows (i.e., internal to the instruments) were also at higher temperatures. In the AquaVIT
configuration, a closer simulation of external and internal pressures and temperatures occurred
for JLH and SnowWhite because both were located inside the chamber. However, sample-
volume flow rates were not well simulated. Of specific concern for the AquaVIT configuration
are sample air temperatures that were near room temperature (~300K) instead of typical UT/LS
values (< 220K) for instruments with extractive sampling, and sample flows that were lower than
under flight conditions, for example, in the case of HWV. There are potentially other factors that
influence in-flight performance in the UT/LS that don’t influence the AquaVIT experiments,
such as rapid changes in mixing ratio. These effects will need to be carefully evaluated to make
appropriate and optimal use of the AquaVIT results presented here.

As discussed in the Introduction, SPARC published systematic analyses and intercomparisons of
the field observations involving key water vapor instruments (SPARC, 2000). An update to the
SPARC water vapor assessment is now being planned. The AquaVIT results will offer a new
dimension of analysis for this updated assessment and may help resolve some of the
longstanding discrepancies in field observations. In addition, the AquaVIT results and
experimental process form a basis to plan follow-on laboratory evaluations of current and new
water vapor instrumentation.

VIII. Summary of the AquaVIT Static Experiments
The static experiment results are summarized as follows:

* The AquaVIT experiment successfully integrated 25 instruments to measure water vapor in
the AIDA chamber using either extractive or non-extractive sampling methods. The
scientific and technical participant group developed procedures and protocols to carry out the
physical experiments and post-experiment data processing and analysis. For five days in
October 2007, static experiments were conducted with chamber conditions covering a range
of pressures (50-500 hPa), temperatures (185-243K) and water vapor mixing ratios (<1-150
ppm) in order to simulate conditions typically found in the UT/LS.

* A majority of AquaVIT instruments reported a full or partial dataset for the 5 days of static
experiments. The reporting instruments were divided into two categories: core and non-core
instruments. Core instruments have been extensively used in field campaigns on moving
platforms and are as a group associated with the large systematic discrepancies that have
been observed in the UT/LS, particularly in the tropics. Several of the non-core instruments
are newly developed and undergoing intercomparison for the first time.

14
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* Time series of water vapor mixing ratios from the core and non-core instrument were
divided into 31 segments of 900-3600s duration for analysis. To facilitate an
intercomparison, a reference value was derived for each segment using linear fits to the core
instrument data.

* The core instrument values show fair to good agreement with each other in the 1 - 150 ppm
H>O range with instrument averages over all segments agreeing within about +10%. For
individual segments, agreement is generally found to be close or within the combined
uncertainties for any instrument pair.

* The core instrument values show poorer agreement as a group below 1 ppm H>O. Fewer
instruments reported data for these segments. All the instrument segment values agree with
the reference and with each other within a range of about -100% to +150% (< + 0.4 ppm).
Although mixing ratios below 1 ppm are not often reported in the UT/LS, these
measurements help define the detection limits and performance limits of the instruments.

* Correlations between core instruments and with the reference value show good linearity for
most instruments in the key range of 1 - 6 ppm. Over the larger mixing ratio range of 10 —
150 ppm in correlations with APicT data, good linearity is found with a subset of instruments
(CFH, HWV, and JLH) while some non-linearity is found for the FISH-1/2 and FLASH-
B2/B2 instruments. The non-linearity has been explained by the principal investigators in
Appendix A material.

* The non-core instruments as a group demonstrate generally poorer agreement with each
other and with the core reference values than the core instruments.

* No statement can be made about the absolute accuracy of the instruments because no
absolute reference instrument was available for the AquaVIT experiments. However, each
core instrument team independently and routinely calibrates their respective instrument and
links it to one or more absolute standards. Most pairs of core instruments agree within the
respective combined uncertainties over the water vapor range of 1-150 ppm. Thus, it is
highly likely that the correct water vapor value for each segment is between the maximum
and minimum of the segment averages of the core instruments. This corresponds to about
+10% of the reference value for the 1-150 ppm range. The APicT results from the dynamic
experiments strengthen the conclusion that the correct water vapor values are bounded by the
core instrument averages.

* The AquaVIT results alone will not resolve the water vapor discrepancies observed in the
atmosphere. However, AquaVIT provides an important new dimension for the analysis of
water vapor measurements because of the very precise intercomparisons conducted within a
large group of active water vapor instruments. Differences found in AquaVIT can now be
compared to those found when instruments are operated on the same or different moving
platforms. Further improvements in accuracy of the AquaVIT instruments may come from
the direct intercomparison of the water vapor calibration systems used to provide absolute
calibration for each instrument.

* Caution must be taken in using the AquaVIT results to infer instrument performance on
moving platforms (e.g., balloons and aircraft) because AquaVIT did not fully reproduce
operating and sampling conditions in the UT/LS for the diverse set of instruments involved.
There are potentially other factors that influence in-flight performance that don’t influence
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the AquaVIT experiments. These effects and differences will need to be carefully evaluated
to make the optimal use of the AquaVIT results presented here.
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Table 1. Table of AquaVIT intercomparison experiments

Date Gas Total H20 (ppm)
(October 2007) Temperature | Pressure
(K) (hPa)

Static

Experiments 1
15 243 50-500-50 300 - 30
16 223 100-500-50 20-3
17 213 100-300-50 20-3
18 196 80-300-50 17 - 3*
19 185 80-500-50 2.7 -0.45"

Dynamic

Experiments 1
22 243 200-140 1871 — 3742*
23 223 200-140 193 - 387
24 213 300-50 35-212*
25 200 300-50 5.4 - 32.5*
26 185 300-50 05-2.7*

1 Only results from the static experiments are addressed in this document. The results of the dynamic
experiments will be analyzed separately.

* During these low-temperature experiments the humidity in the chamber was controlled by saturation
with respect to ice.
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Table 2. AquaVIT instruments, participants, and institutes.

Instrument (technique) 1 |Type 2 |

Participants

Institute

Core instruments:
Formal Intercomparison

(photoacoustic)

Mohhacsi

AIDA-PCI-in-cloud-TDL NE |Volker Ebert”, Christian Lauer, University of Heidelberg and
(APicT) Stefan Hunsmann, Harald Forschungszentrum Karlsruhe,
(TDL) Saathoff, Steve Wagner Germany
Cryogenic Frostpoint E |Holger Vomel NOAA & University of Colorado,
Hygrometer (CFH) Boulder, CO USA. Currently with
(frostpoint) Meteorologisches Observatorium
Lindenberg, Lindenberg, Germany
Fast In situ Stratospheric E |Cornelius Schiller, Martina Forschungszentrum Jilich, Jilich,
Hygrometer Kramer, Armin Afchine, Germany
(FISH-1 & FISH-2) Reimar Bauer, Jessica Meyer,
Nicole Spelten, Andres Thiel
L -alph ' '
(Lyman-alpha) Miriam Kiibbeler
FLuorescent Advanced NE |Sergey Khaykin, Leonid Central Aerological Observatory,
Stratospheric Hygrometer Korshunov Moscow, Russia
for Balloon (FLASH-B1 &
FLASH-B2)
(Lyman-alpha)
Harvard Water Vapor E |Elliot Weinstock, Jessica Harvard University, Cambridge,
(HWV) Smith MA, USA
(Lyman-alpha)
JPL Laser Hygrometer NE |Robert Herman, Robert Troy, |Jet Propulsion Laboratory,
(JLH) Lance Christensen California Institute of Technology,
(TDL) Pasadena, CA, USA
Non-Core instruments:
Formal Intercomparison
MBW-373LX E |Harald Saathoff, Robert Forschungszentrum Karlsruhe,
(frostpoint) Wagner Karlsruhe, Germany
SnowWhite NE |Frank Wienhold, Ulrich Eidgendssische Technische
(frostpoint) Krieger, Martin Brabec Hochschule-Zurich, Zurich,
Switzerland
ISOWAT E [Christoph Dyroff Forschungszentrum Karlsruhe,
(TDL) Karlsruhe, Germany
Open-path Jilich E |Cornelius Schiller, Martina Forschungszentrum Jilich, Jilich,
Stratospheric TDL Kramer, Armin Afchine, Germany
Experiment (OJSTER) Reimar Bauer, Jessica Meyer,
(TDL) Nicole Spelten, Andres Thiel,
Miriam Kubbeler
PicoSDLA NE |Georges Durry, Nadir University of Reims, Champagne-
(TDL) Amarouche, Jacques Ardenne and Institut National des
Deleglise, Fabien Frerot Sciences de I'Univers / Centre
National de la Recherche
Scientifique (INSU/CNRS), France
WaSul-Hygro2 E |Zoltan Bozoki, Arpad University of Szeged, Hilase Ltd.,

Szeged, Hungary
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Table 2. (continued). AquaVIT instruments, participants, and institutes.

Instrument (technique) 1 |Type 2 Participants Institute
Closed-path Laser E [Linnea Avallone, Sean University of Colorado, Boulder, CO,
Hygrometer (CLH) (TDL) Davis USA

Non-Core instruments:
Formal intercomparison
(no analysis) 3

AIDA PCI extractive TDL E |Volker Ebert”, Christian University of Heidelberg and
(APeT) Lauer, Stefan Hunsmann, |Forschungszentrum Karlsruhe,
(TDL) Harald Saathoff, Steve Germany
Wagner
Vaisala DM500 E |Theo Brauers, Rolf Forschungszentrum Jilich, Jilich,

(frostpoint) Haseler Germany
VCSEL NE |Mark Zondlo Southwest Science, Inc., Santa Fe, NM,
(TDL) USA

Non-Core instruments:
Informal
Intercomparison 4

Fluorescent Water Vapor E [Debbie O’Sullivan UK Meteorological Office, Exeter, UK
Sensor (FWVS)
(Lyman-alpha)
WaSul-Hygro1 E |Zoltan Bozoki, Arpad University of Szeged, Hilase Ltd.,
(photoacoustic) Mohhacsi Szeged, Hungary
NCAR-Buck E |[Teresa Campos, Frank National Center for Atmospheric
(frostpoint) Flocke, Dennis Kramer Research (NCAR), Boulder, CO, USA
NCAR-OPLH NE |Teresa Campos, Frank National Center for Atmospheric
(TDL) Flocke, Dennis Kramer Research (NCAR), Boulder, CO, USA

Non-Core instruments:
No participation 5

Caribic-Buck (frostpoint) & E |Andreas Zahn, Julie Keller [Forschungszentrum Karlsruhe,

Caribic-PA (photoacoustic) Germany
PADDY E |Ulrich Bundke University of Frankfurt, Frankfurt,
(surface sensor) Germany

* Now at Physikalisch-Technische Bundesanstalt (PTB), National Metrology Institute of Germany,
Germany.

1 Instrument descriptions in Appendices A and B. TDL = Tunable Diode Laser technique.

2 Instrument type based on standard use configuration in atmospheric or laboratory measurements:
extractive sampling (E) and non-extractive sampling (NE).

3 Data obtained only during the dynamic experiments (VCSEL) or insufficient data submitted to
participate in statistical evaluation.

4 Instruments still under development or evaluation by the associated principal investigators.

3 Instruments that experienced technical difficulties during the AIDA tests that prevented acceptable
operation.
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Table 3. Core and non-core instrument uncertainties during the AquaVIT static experiments.

Instrument | Uncertainty in final data 2
(technique) 1

Core instruments

APicT | Accuracy: <5%; Precision: 1-10% above 0.25
(TDL) | PPm; H,O <20 ppm: Noise level at 80m path:
approx. 0.025 ppm (1s at At=2sec)
CFH | 10% @ H20 <5 ppm
(frostpoint) | 4% @ H,0 > 5 ppm
FISH-1 & FISH-2 | H,O < 20 ppm, p > 80 hPa:
(Lyman-alpha) | 6% + 0.1 ppm (FISH 2)
6% + 0.25 ppm (FISH 1)
FLASH-B1 & FLASH-B2 | +(10% + 0.1 ppmv) @10 mB < P< 300mb,
(Lyman-alpha) | H20 > 3ppm
1+(20% + 0.1 ppmv) @ H20 < 3ppm
HWV | +5% +0.53/-0.28 ppm @ p > 100 mb
(Lyman-alpha) | £10% +0.53/-0.28 ppm @ p < 100 mb
JLH | 10% + 0.15 ppm (1 s)
(TDL) | 10% + 0.05 ppm (10 s)

Non-Core instruments
(technique) 3

MBW-373LX (frostpoint) | Accuracy +3 % and precision 1.5 % (£ 0.1
°C frost point temperature) at pressures >
150 hPa and frostpoint temperatures > -
70°C. Unknown systematic errors at lower
pressures and temperatures (see Appendix
B1)

SnowWhite (frostpoint) | 5% accuracy for mixing ratios > 10 ppm

ISOWAT | 4% precision for H,'°O

(TDL) | Accuracy suffered from instabilities of the
optical alignment

(see Appendix B.3)
OJSTER | £ (10% + 2 ppm)
(TDL) | (due to a contamination problem, the

detection limit varied during the
experiments.)

PicoSDLA | 5% to 10% accuracy (measurement time of
(TDL) | 800ms)

1 TDL = Tunable Diode Laser technique.

2 precision and accuracy refer to 10 values as provided by the Principal Investigators.

3 Non-core instruments included in the statistical analysis here. Other non-core instruments
participating in the formal comparison of the static experiments reported no data or insufficient
data to be included in the statistical evaluation (see Table 2). Some of these instruments
reported data in the dynamic experiments in the second week of the AquaVIT campaign.
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Table 4. Details of AquaVIT static segments used in the accuracy and precision evaluations.1

Oct. # Start Stop Start Stop Length | Press. | Temp. | Water
2007 time time time time (s) (hPa)2 | (K)2 vapor
(hr:min) | (hrimin) | (UTs) | (UTs) (ppm)3
15th 1 09:55 10:25 28500 | 30300 | 1800 100 243 12.22
2 11:00 11:30 32400 | 34200 | 1800 200 243 5.16
3 12:00 13:00 36000 | 39600 | 3600 500 243 1.91
4 14:05 14:35 43500 | 45300 | 1800 200 243 3.58
5 15:05 15:35 47100 | 48900 | 1800 100 242 6.05
6 16:05 16:35 50700 | 52500 | 1800 50 242 10.41
16th | 7 10:35 11:05 30900 | 32700 | 1800 200 225 33.87
8 11:55 12:40 35700 | 38400 | 2700 500 224 12.8
9 13:38 13:58 41880 | 43080 | 1200 200 223 15.59
10 | 14:28 14:58 44880 | 46680 | 1800 100 223 21.11
11 [ 15:30 16:00 48600 | 50400 | 1800 50 223 31.09
17th 12 | 09:28 09:58 26880 | 28680 | 1800 100 214 88.99
13 | 10:18 10:43 29880 | 31380 | 1500 200 214 46.79
14 | 11:30 12:30 34200 | 37800 | 3600 300 214 31.96
15 | 13:28 13:58 41280 | 43080 | 1800 200 213 44 .44
16 | 14:38 15:08 45480 | 47280 | 1800 100 213 79.42
17 | 15:45 16:15 49500 | 51300 | 1800 50 213 151.57
18th 18 | 10:00 10:30 28800 | 30600 | 1800 120 197 1.62
19 | 10:53 11:23 31980 | 33780 | 1800 200 197 0.97
20 | 12:05 12:35 36300 | 38100 | 1800 300 197 0.64
21 | 13:08 13:38 40080 | 41880 | 1800 200 196 0.87
22 | 14:30 15:30 45000 | 48600 | 3600 80 196 1.77
23 | 16:00 16:30 50400 | 52200 | 1800 50 196 2.59
19th | 24 | 08:30 09:00 23400 | 25200 | 1800 80 186 1.64
25 | 09:38 10:08 27480 | 29280 | 1800 120 186 1.03
26 | 10:25 10:50 30300 | 31800 | 1500 200 186 0.64
27 | 11:25 11:55 33900 | 35700 | 1800 300 186 0.44
28 | 12:35 13:05 38100 | 39900 | 1800 500 186 0.25
29 | 14:05 14:25 43500 | 44700 | 1200 200 185 0.8
30 | 15:13 15:38 47850 | 49080 | 1500 80 185 1.59
31 | 16:00 16:15 50400 | 51300 | 900 50 185 2.34

1 Segments in non-italics were used in both accuracy and precision evaluations. Segments in italics
were used only in the accuracy evaluation.

2 Average measured chamber conditions over the segment.

3 Reference value derived from the linear fits to the core instrument time series (see text for details).
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Table 5. Experimental upper limits of instrument precision derived from the AquaVIT

intercomparison data for selected segments during the static experiments1

Segment 5 Segment 22 Segment 24 Segment 25 Average
Reference 6.1 1.8 1.6 1.0 | -
H20 (ppm)
Core
instruments
APicT 0.070 (1 s) 0.045 0.12 0.14 0.094
0.062 (5 s) 0.041 0.10 0.12 0.081
CFH|  —-- 0.050 0.072 0.042 0.055
----- 0.051 0.072 0.041 0.055
FISH-1 024 | - | 0.16 0.20
013 | - | 0.11 0.12
FISH-2 0.077 0.041 0.046 0.039 0.051
0.042 0.025 0.025 0.023 0.029
FLASHB1|  -— |  —— | e | |
0.1 009 | - 0.29 0.17
HWV 0083 | @ - | 0.083
JLH 0.10 0.064 0.069 0.049 0.071
0.082 0.044 0.046 0.034 0.052
Non-core
instruments
MBW-373LX 0.022(1s) |  -—— | == e 0.022
0.020(5s) | = -—— | == e 0.020
SnowWhite |  -— | | 4.1 4.1
--------------- 4.2 4.2
ISOWAT 015 | - | | e 0.17
013 | - | | - 0.13
OJSTER 075 | - | | 0.75
067 | - | | - 0.67
PicoSDLA 0.40 0.087 | = - 0.38 0.29
0.39 0081 | = - 0.38 0.28

1 Precision values are in ppm of water vapor. Segments were chosen to meet conditions of: (1 < water
vapor mixing ratio < 10 ppm) and (70 < AIDA chamber pressure < 150 hPa) in order to represent typical
UT/LS values. For each instrument, the top (bottom) row shows precision values for 1-s (5-s)
measurement intervals. Segment details are shown in Table 4. Precision is defined as the standard
deviation (1c) of the Gaussian fit, P, to the differences from the reference values (P = Aexp[-(x-p)2/202],
where A is a normalization factor, x is the measured value, y is the reference value.)
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UT/LS water vapor mixing ratio profiles
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Figure 1. Profile of water vapor mixing ratios from two core instruments included in the AquaVIT
intercomparison, CFH and HWV, and the Microwave Limb Sounder (MLS) onboard the NASA Aura
satellite. All measurements were made near San Jose, Costa Rica on 1 February 2006. The CFH
measurements were made from a small balloon launched near the San Jose airport. The HWV
measurements were made on board the NASA WB-57F high-altitude research aircraft on descent into the
San Jose airport. Air mass non-uniformity or sample volume issues are not considered an important
factor in these differences, which have been observed on other occasions. (Provided by E. Jensen,

NASA)
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AquaVIT AquaVIT Instrument Configuration
External instruments™
AIDA Chamber (extractive sampling)
~~ MBW-373LX
/‘- . gg?ﬁeter) (frostpoint) (0.3-1.0)
(10 mm) FISH-1 (Lyman-alpha) (1-5)
| k— DM500 (frostpoint) (1)
= Bkl PADDY (surface sensor) (1 - 5)
jnﬂ —E APeT (TDL) (5-10)
CLH (TDL) 2-8)

FLASH-B2 (Lyman-alpha) (1 -5)
CFH (frostpoint) (1-5)
; 7 (13mm) ‘ — Hwv (Lyman-alpha) (25 - 50)

E FISH-2 (Lyman-alpha) (1-5)

(19 mm)

FWVS (Lyman-alpha) (0.1 - 10)

Thermostated enclosure (183 - 323K)

(16 mm) Caribic-Buck (frostpoint) (2)
OJSTER (TDL) NCAR-BUcK Caribic-PA (photoacoustic) (2)
-buc
(10-20) (frostpoint) (5) ISOWAT (TDL) @)
PicoSDLA (TDL) NCAR-OPLH (TDL) (5-10)
(10-30) I_ VCSEL (TDL) (1-10)
WaSul-Hygro1&2
Internal instruments* (photoacoustic) (0.6)
(non-extractive sampling)
@ FLASH-B1 (Lyman-alpha) *Red text indicates core instruments. Number
APicT (TDL) in parentheses indicates instrument sample
flow or range in standard litres per minute (SLM).
© JLH (TDL) = Heated tubes
@ Snow White (frostpoint) === Unheated tubes

Figure 2. Configuration of the AquaVIT instruments in the AIDA chamber facility.
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Figure 3. Example of extractive sampling from the AIDA chamber. Top: Customized extractive sampling
probes inside the chamber. This cluster of three probes, located on the lower right-hand chamber wall in
Figure 2, provided chamber airflow to 11 instruments. These probes are either 1.3 cm (1/2in.) or 1.9 cm
(3/4 in.) inside diameter stainless-steel tubes surrounded by a sealed heating mantle and extending 35
cm into the chamber. Bottom: The HWV instrument outside the AIDA thermal enclosure. Note the
stainless steel sampling line on right-hand side of photo. The line is connected to one of the probes in the
top photo.
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Figure 4. Non-extractive sampling instruments inside the AIDA chamber. Top: The JLH TDL instrument
with an open absorption path. Bottom: The SnowWhite hygrometer in its balloon-payload configuration
inside the AIDA chamber.
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AIDA chamber conditions during AquaVIT
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Figure 5. Conditions in the AIDA chamber during the static experiments. Top: Daily chamber
temperature time series. Bottom: Daily chamber pressure time series.
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Figure 6. Average AIDA chamber pressures and temperatures as a function of the water-vapor average
reference value for the static experiment segments (see Table 4).
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Water Vapor Ice Saturation Mixing Ratios
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Figure 7. Water-vapor ice saturation mixing ratios over the range of total pressures and temperatures in
the AIDA chamber during AquaVIT as derived from Murphy and Koop [2005]. Colored symbols
correspond to average pressure and temperature conditions for segments for which the water vapor
reference value falls in the corresponding range in each panel (see Table 4). The conditions for all
segments were unsaturated with respect to water ice.
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Figure 8. Time series of AIDA water vapor mixing ratios (1-s averages) as reported by many instruments
during the static experiment on 15 October. The mixing ratios are shown with linear (top panel) and
logarithmic (bottom panel) scales.
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AquaVIT Core Instrument Accuracy: Summary 1
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Figure 9A. Summary plot of the core instrument intercomparison results for the 5-day static experiment
series. The instruments are identified on the left of each panel. Each panel is labeled by the range of
reference water-vapor mixing ratios. The chamber pressure range is indicated by the symbol color. The
symbols represent the average difference within a segment from the reference water vapor value for that
segment. The segments varied from 900s to 3600s in length with most being 1800s (Table 4). The
differences are plotted on separate log scales for values more than 1% above and below the reference
value. Those differences equal to or less than 1% are plotted at a value of 1%. The average of all
segments for an instrument is shown with the circle/plus symbol. Data are not available for all segments
for each instrument. Instrument names in parentheses in a panel have no results in the associated
mixing ratio range.
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AquaVIT Core Instrument Accuracy Summary 2
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Figure 9B. Summary plot of static experiment results for core instruments shown as the % difference
between values from the listed instruments and the corresponding reference values for three ranges of
the reference values. A symbol represents the result for the segment number noted near the top axis.
The use of a small symbol size for a segment indicates that the accuracy and precision cannot be defined
based on the relationships in Table 3. Segment details are provided in Table 4. Colors represent the
AIDA chamber average pressure during the segment. Differences less than or equal to 1% are plotted as
a 1% value. Results for the non-core instruments are shown in Figure 10B with a different vertical axis
range.
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AquaVIT Core Instrument Accuracy AIDATDL (APlcT)
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Figure 9C. Summary plot of static experiment results for the APicT instrument. The error bars represent
the sum of accuracy and offsets as estimated for each segment from the values in Table 3. See caption
of Figure 9B for further details.

AquaVIT Core InstrumentAccuracy Cryogenlc Frostpomt Hygrometer (CFH)
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Figure 9D. Summary plot of static experiment results for the CFH instrument. The error bars represent
the sum of accuracy and offsets as estimated for each segment from the values in Table 3. See caption
of Figure 9B for further details.
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Core Instrument Accuracy: Fast In Situ Stratospheric

Hygrometer (FISH-1)
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Figure 9E. Summary plot of static experiment results for the FISH-1 instrument. The error bars
represent the sum of accuracy and offsets as estimated for each segment from the values in Table 3.
See caption of Figure 9B for further details.
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Figure 9F. Summary plot of static experiment results for the FISH-2 instrument. The error bars
represent the sum of accuracy and offsets as estimated for each segment from the values in Table 3.
See caption of Figure 9B for further details.
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AquaVIT Core Instrument Accuracy:
Fluorescent Advanced Stratospherlc Hygrometer (FLASH B1)
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Figure 9G. Summary plot of static experiment results for the FLASH-B1 instrument. The error bars
represent the sum of accuracy and offsets as estimated for each segment from the values in Table 4.
See caption of Figure 9B for further details.

AquaVIT Core Instrument Accuracy:
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Figure 9H. Summary plot of static experiment results for the FLASH-B2 instrument. The error bars
represent the sum of accuracy and offsets as estimated for each segment from the values in Table 3.
See caption of Figure 9B for further details.
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AquaVIT Core Instrument Accuracy: Harvard Water Vapor (HWV)
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Figure 9. Summary plot of static experiment results for the HWV instrument. The error bars represent
the sum of accuracy and offsets as estimated for each segment from the values in Table 4. See caption
of Figure 9B for further details.

AquaVIT Core Instrument Accuracy: JPL Laser Hygrometer (JLH)
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Figure 9J. Summary plot of static experiment results for the JLH instrument. The error bars represent
the sum of accuracy and offsets as estimated for each segment from the values in Table 3. See caption
of Figure 9B for further details.
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AquaVIT All Instrument Accuracy: Summary 3
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Figure 10A. Summary plot of static experiment results for the core and non-core instruments shown as
the % differences between values from the listed instruments and the corresponding reference values for
three ranges of the reference values. Each symbol represents a segment listed in Table 4. The
circle/plus symbol denotes the instrument average for all segments. Colors represent the AIDA chamber
average pressure during the segment. Differences less than or equal to 1% are plotted as a 1% value.
The results for the core instruments are also shown in Figure 9A. Instrument names in parentheses
indicated that no data or insufficient data were available for statistical analyses in the indicated mixing
ratio range. In addition, no CLH data are available for the upper two panels.
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AquaVIT Non-Core Instrument Accuracy: Summary 4
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Figure 10B. Summary plot of static experiment results for the non-core instruments shown as the %
differences between values from the listed instruments and the corresponding reference values for three
ranges of the reference values. A symbol represents the result for the segment number noted near the
top axis. The use of a small symbol size for all segments indicates that the accuracy and precision have
not been included in this document as they have for the core instruments in Table 3 (compare Figure 9B).
Segment details are provided in Table 4. Colors represent the AIDA chamber average pressure during
the segment. Differences less than or equal to 1% are plotted as a 1% value. Results for the core
instruments are shown in Figure 9B with a different vertical axis range.

38



23 October 2009
Final Version

AquaVIT Non-Core Instrument Accuracy MBW-373LX Frostpomt Hygrometer
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Figure 10C. Summary plot of static experiment results for the MBW-373LX instrument. No error bars are
shown because the accuracy and offsets estimates are not available for each segment. See caption of
Figure 10B for further details.

AquaVIT Non-Core Instrument Accuracy: Snow White Frostpoint Hygrometer
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Figure 10D. Summary plot of static experiment results for the SnowWhite instrument. No error bars are

shown because the accuracy and offsets estimates are not available for each segment. See caption of
Figure 10B for further details.
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AquaVIT Non Core Instrument Accuracy: ISOWAT TDL
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Figure 10E. Summary plot of static experiment results for the ISOWAT instrument. No error bars are
shown because the accuracy and offsets estimates are not available for each segment. See caption of
Figure 10B for further details.

AquaVIT Non Core Instrument Accuracy: OJSTER TDL
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Figure 10F. Summary plot of static experiment results for the OJSTER instrument. No error bars are
shown because the accuracy and offsets estimates are not available for each segment. See caption of
Figure 10B for further details.
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Figure 10G. Summary plot of static experiment results for the PicoSDLA instrument. No error bars are
shown because the accuracy and offsets estimates are not available for each segment. See caption of
Figure 10B for further details.
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Figure 10H. Summary plot of static experiment results for the WaSul-Hygro2 instrument. No error bars

are shown because the accuracy and offsets estimates are not available for each segment. See caption
of Figure 10B for further details.
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AquaVIT Non-Core Instrument Accuracy Closed- path Laser Hygrometer (CLH)
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Figure 10G. Summary plot of static experiment results for the CLH instrument. No error bars are shown
because the accuracy and offsets estimates are not available for each segment. See caption of Figure
10B for further details
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Figure 11A. Summary plot of static experiment results for the APicT instrument. Top: Gaussian fits to
the probability distribution functions (pdfs) of differences from the reference value function derived for
each segment from the core instruments. The pdfs are derived from 1-s time series data. Legend boxes
indicate the reference water vapor value for each segment (see Table 4). PDFs and fits are offset in the
vertical for clarity. Bottom: Plot of mean (symbols) and max and min (thin lines) differences from the
reference values and 1-o precision (thick line) as defined in Table 5 footnote. Color indicates pressure
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AquaVIT Core Instrument Precision: Cryogenic Frostpoint Hygrometer (CFH)
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Figure 11B. Summary plot of static experiment results for the CFH instrument. Figure details the same
as for Figure 11A.
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AquaVIT Core Instrument Precision: Fast In Situ Stratospheric Hygrometer (FISH-1)
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Figure 11C. Summary plot of static experiment results for the FISH-1 instrument. Figure details the
same as for Figure 11A.
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AquaVIT Core Instrument Precision: Fast In Situ Stratospheric Hygrometer (FISH-2)
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Figure 11D. Summary plot of static experiment results for the FISH-2 instrument. Figure details the
same as for Figure 11A.
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AquaVIT Core Instrument Precision:

Fluorescent Advanced Stratospheric Hygrometer (FLASH-B1)
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Figure 11E. Summary plot of static experiment results for the FLASH-B1 instrument. Figure details the
same as for Figure 11A.
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AquaVIT Core Instrument Precision:

Fluorescent Advanced Stratospheric Hygrometer (FLASH-B2)
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Figure 11F. Summary plot of static experiment results for the FLASH-B2 instrument. Figure details the
same as for Figure 11A.
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AquaVIT Core Instrument Precision: Harvard Water Vapor (HWV)
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Figure 11G. Summary plot of static experiment results for the HWV instrument. Figure details the same
as for Figure 11A.
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AquaVIT Core Instrument Precision: JPL Laser Hygrometer (JLH)
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Figure 11H. Summary plot of static experiment results for the JLH instrument. Figure details the same
as for Figure 11A.
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Figure 12A. Summary plot of static experiment results for the APicT instrument. Top: Precision results
using the 1-s time series data as shown in Figure 11. Bottom: Precision results using the 5-s time series
data. Other figure details the same as for Figure 11A.
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AquaVIT Core Instrument Precision: Cryogenic Frostpoint Hygrometer (CFH)
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Figure 12B. Summary plot of static experiment results for the CFH instrument. Top: Precision results
using the 1-s time series data as shown in Figure 11. Bottom: Precision results using the 5-s time series
data. Other figure details the same as for Figure 11A.
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AquaVIT Core Instrument Precision: Fast In Situ Stratospheric Hygrometer (FISH-1)
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Figure 12C. Summary plot of static experiment results for the FISH-1 instrument. Top: Precision results
using the 1-s time series data as shown in Figure 11. Bottom: Precision results using the 5-s time series
data. Other figure details the same as for Figure 11A.
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AquaVIT Core Instrument Precision: Fast In Situ Stratospheric Hygrometer (FISH-2)
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Figure 12D. Summary plot of static experiment results for the FISH-2 instrument. Top: Precision results
using the 1-s time series data as shown in Figure 11. Bottom: Precision results using the 5-s time series
data. Other figure details the same as for Figure 11A.
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Figure 12E. Summary plot of static experiment results for the HWV instrument. Top: Precision results
using the 1-s time series data as shown in Figure 11. Bottom: Precision results using the 5-s time series
data. Other figure details the same as for Figure 11A.
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Figure 12F. Summary plot of static experiment results for the JLH instrument. Top: Precision results
using the 1-s time series data as shown in Figure 11. Bottom: Precision results using the 5-s time series
data. Other figure details the same as for Figure 11A.
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Figure 13A. Summary plot of the correlations of the core instruments with the water vapor reference
values in the range 0.9 — 10 ppm H20. Data from the FLASH-B1/B2 instruments are not available for this
mixing ratio range.
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Correlation Plot of AquaVIT