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Abstract

The Atmospheric Chemistry Experiment (ACE) mission was launched in August 2003
to sound the atmosphere by solar occultation. Water vapour (H,O), one of the most
important molecules for climate and atmospheric chemistry, is one of the key species
provided by the two principal instruments, the infrared Fourier Transform Spectrometer
(ACE-FTS) and the MAESTRO UV-Visible spectrometer (ACE-MAESTRO). The first
instrument performs measurements on several lines in the 1362-2137 cm™! range,
from which vertically resolved H,O concentration profiles are retrieved, from 7 to 90 km
altitude. ACE-MAESTRO measures profiles using the water absorption band in the
near infrared part of the spectrum at 926.0-969.7 nm. This paper presents a com-
prehensive validation of the ACE-FTS profiles. We have compared the H,O volume
mixing ratio profiles with space-borne (SAGE II, HALOE, POAM lll, MIPAS, SMR) ob-
servations and measurements from balloon-borne frostpoint hygrometers and a ground
based lidar. We show that the ACE-FTS measurements provide H,O profiles with small
retrieval uncertainties in the stratosphere (better than 5% from 15 to 70 km, gradually
increasing above). The situation is unclear in the upper troposphere, due mainly to
the high variability of the water vapour volume mixing ratio in this region. A new wa-
ter vapour data product from the ACE-MAESTRO (Measurement of Aerosol Extinction
in the Stratosphere and Troposphere Retrieved by Occultation) is also presented and
initial comparisons with ACE-FTS are discussed.

1 Introduction

As the most important greenhouse gas, water vapour plays a fundamental role in the
climate and chemistry of the Earth’s atmosphere. In addition, it is an excellent dy-
namical tracer in the middle atmosphere. At the Earth’s surface, the atmosphere is
between 1 and 4% water vapour. With increasing altitude, the amount of water vapour
decreases rapidly in the troposphere. The tropopause acts as a cold trap by freeze-
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drying nearly all water vapour and the consequent sedimentation of the ice particles
that are formed.

Water vapour enters the middle atmosphere from the troposphere, mainly through
the tropical tropopause transition layer (TTL). This water throughput at the tropical
tropopause is around 3.7 ppmv (e.g. Kley et al., 2000) and it exhibits a seasonal vari-
ation according to the temperature, which is referred to as the tape recorder effect
(Mote et al., 1996). As part of the Brewer-Dobson circulation, air enters the strato-
sphere in the tropics, then circulates to stratospheric midlatitudes, followed by descent
at the poles. This circulation not only transports water, but also energy in the form of
heat both vertically and horizontally across the atmosphere. In the stratosphere, water
vapour is produced by the oxidation of methane. At the same time, photodissociation
and the reaction with O(1 D) act as sink processes of water vapour. These processes
become even more important in the mesosphere, so that water vapour is increasing
in the stratosphere. Around the stratopause, the aforementioned sources and sinks
reach an equilibrium state, resulting in the “conventional” water vapour peak.

In the mesosphere, the water vapour concentration generally decreases with altitude
due to the lack of additional sources. However, in polar areas in summer and in the
tropics around equinox, an additional water vapour peak can be observed between
65km and 75km (Nedoluha et al., 1996; Summers et al., 1997; Seele and Hartogh,
1999). Sonnemann et al. (2005) explained this peak by an interplay between upwelling
winds and autocatalytical water vapour formation from the molecular hydrogen reser-
voir during the period of strongest solar insolation. Another peak can be observed in
a small layer at around 82 km altitude in the polar summer. This peak is caused by
the redistribution of water vapour by ice particles forming polar summer mesosphere
echoes and noctilucent clouds (NLCs or polar mesospheric clouds) (Summers et al.,
2001; von Zahn and Berger, 2003).

Recent research on the stratospheric water vapour has focused on the troposphere-
stratosphere exchange (e.g. Sherwood and Dessler, 2000; Kley et al., 2000; Nassar
et al., 2005b) and on global trends. Numerous studies have detected an increase in
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stratospheric water vapour occurring over time periods as short as a few years and as
long as the past half-century (Oltmans et al., 2000; Michelsen et al., 2000; Rosenlof et
al., 2001). More recent evidence indicates that the increase in stratospheric H,O has
ceased in the last few years and has even shown a temporary decrease on the order of
3—4 years (Nedoluha et al., 2003; Randel et al., 2004). Thus understanding changes
in stratospheric water vapour and water vapour entering the stratosphere is thus of the
greatest importance. The focus of mesospheric research is for the most part on the
water vapour budget in the polar summer mesopause region. This covers the amount
of water vapour in the presence of NLCs (von Zahn and Berger, 2003), possible trends
and inter-hemispheric differences (Hervig and Siskind, 2006).

Satellite-borne instruments have played an important role in furthering our under-
standing of atmospheric water vapour. Measurements of the vertical distribution of wa-
ter vapour in the middle atmosphere from space, using limb-observation techniques,
began with the launch of the Nimbus-7 satellite in 1979. Two instruments on board this
satellite provided measurements of H,O: the Stratospheric And Mesospheric Sounder
(SAMS) (Drummond et al., 1980; Taylor et al., 1981) and the Limb Infrared Monitor of
the Stratosphere (LIMS) (Gille et al., 1980; Fischer et al., 1981). Since the mid-1980s,
numerous new instruments have been developed to provide observations of water
vapour. Two instruments participated in Space Shuttle missions between 1985 and
1994. The Atmospheric Trace MOlecule Spectroscopy (ATMOS) experiment (Gunson
etal., 1996; Abbas et al., 1996) is an infrared Fourier transform spectrometer (FTS) and
the Millimeter-wave Atmospheric Sounder (MAS) is a limb-emission radiometer (Hart-
mann et al., 1996). The second Stratospheric Aerosol and Gas Experiment (SAGE 1)
(Mauldin et al., 1985; Thomason et al., 2004; Taha et al., 2004) has provided, to date,
the longest record of trace gas measurements (including H,O) by a single instrument
using solar occultation. They made over two decades of UV-visible observations start-
ing in 1984. In 1991, the launch of the Upper Atmospheric Research Satellite (UARS)
(Reber et al., 1993) provided further measurements of water vapour from the HALogen
Occultation Experiment (HALOE) (Russell et al., 1993; Harries, 1996; Nedoluha et al.,
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1997, 2003), the Improved Stratospheric And Mesospheric Sounder (ISAMS) (Taylor et
al., 1993; Goss-Custard et al., 1996) and the Microwave Limb Sounder (MLS) (Barath
et al., 1993; Pumphrey et al., 2000). The list of instruments providing or having pro-
vided H,O measurements was expanded more recently with the CRyogenic Infrared
Spectrometers and Telescopes for the Atmosphere (CRISTA) instrument on the Space
Shuttle (Offermann et al., 1999, 2002) and by several satellite-borne solar occultation
instruments: the Polar Ozone and Aerosol Measurement (POAM) Il instrument (Lucke
et al., 1999; Nedoluha et al., 2003; Lumpe et al., 2006) and the two successive Im-
proved Limb Atmospheric Sounder (ILAS) instruments ILAS-I (Nakajima et al., 2002;
Kanzawa et al., 2002) and ILAS-II (e.g. Nakajima et al., 2006; Griesfeller et al., 2008).

Currently, there are four satellite missions providing vertical profiles of water vapour
from limb measurements. The Sub-Millimeter Radiometer (SMR) onboard Odin
(Murtagh et al., 2002; Urban et al., 2007; Lossow et al., 2007), the Michelson Inter-
ferometer for Passive Atmospheric Sounding (MIPAS) on Envisat (Fischer et al., 2007,
and references therein) and the second-generation MLS on the Aura satellite (e.g.,
Waters et al., 1999; Santee et al., 2005) all use limb-emission techniques. The Atmo-
spheric Chemistry Experiment (ACE) placed onboard SCISAT provides H,O from solar
occultation observations (Bernath et al., 2005).

ACE, the first of a planned series of small Canadian scientific satellites, was
launched into low Earth circular orbit (altitude 650 km, inclination 74°) on 12 August
2003. Following a 6-month commissioning period, the ACE instruments science op-
erations started on 21 February 2004. The two principal instruments are the infrared
ACE-FTS (Bernath et al., 2005) and the ACE-MAESTRO (Measurement of Aerosol
Extinction in the Stratosphere and Troposphere Retrieved by Occultation; McElroy et
al.,, 2007) UV-Visible spectrometer. These two sensors make simultaneous occulta-
tion measurements using a shared sun-tracking mirror located in the ACE-FTS. Water
vapour volume mixing ratio (VMR) profiles are part of the baseline dataset for the ACE-
FTS and are a new product for the ACE-MAESTRO.

In order to validate the water vapour results obtained from the ACE-FTS, we
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have compared them to several measurements made with various instruments either
ground-based, balloon- or space-borne. The correlative instruments use various re-
mote sensing technologies including spectrometers and lidars as well as in situ hu-
midity sensors. The results of these comparisons are given in the following chapters,
together with a brief description of each correlative instrument. Due to the high spatial
and temporal variability of the water vapour concentration in the troposphere, most of
the comparisons are done statistically, using the mean value of many measurements
falling within a certain time span and a certain area of coincidence between the re-
trieved profiles. In addition, we present a new ACE-MAESTRO H,O VMR product and
discuss initial comparisons with the ACE-FTS results.

2 ACE instruments and retrievals

The principal instrument onboard SCISAT is a high resolution FTS named ACE-FTS
with the following main specifications: spectra recorded from 750 cm™' to 4400cm™
(13.3 to 2.2 um), at a resolution of 0.02 cm™ (£25 cm maximum optical path differ-
ence). The instrument works in the solar occultation mode and records one full spec-
trum in about 2 s with a signal-to-noise ratio between 300:1 and 400:1 near the center
of the wavenumber range. The delay between consecutive spectra gives a vertical
spacing varying from 1.5 to 6 km depending on the angle between the orbital direction
and the viewing direction with a maximum altitude resolution of 3—4 km due to the field
of view of the instrument (1.25mrad). The details of ACE-FTS spectra inversions are
described in Boone et al. (2005). Currently, VMR profiles of more than thirty different
trace gases are retrieved from the ACE-FTS spectra. The H,O retrieval utilizes 60 mi-
crowindows, which fall in the 950-975cm™" and 1360-2000cm™" regions to retrieve
profiles from 5 to 90 km altitude. The current version of the ACE-FTS data products is
2.22 including updates for ozone, HDO and N,Og.

ACE-MAESTRO, the second instrument aboard SCISAT is a dual-channel optical
spectrometer operating in the spectral region between 285 and 1030 nm. Solar oc-
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cultation spectra are being used to retrieve vertical profiles of temperature and pres-
sure, aerosols, and trace gases (O3, NO,, H,O, and OCIO) involved in the strato-
spheric ozone chemistry. The use of two overlapping spectrometers (280-550 nm,
500—-1030 nm) improves the stray-light performance. The spectral resolution is about
2nm in the near-infrared. The vertical resolution is estimated to be better than 1.7 km
(McElroy et al., 2007).

The algorithm to retrieve water vapour profiles uses the observed wavelength-
integrated differential optical depth (DOD) over 926.0-969.7 nm range. The optical
depth baseline is removed by subtracting a slope term interpolated from end points of
this fitting window. The absorption optical depth due to water vapour and ozone are
simulated with a correlated-k band model (Berk et al., 1999). The water vapour VMR
profile in the atmosphere of this forward model is updated with Chahine’s relaxation
technique (Chahine, 1970) to match the observed wavelength-integrated DOD at each
measured tangent height. The ozone absorption optical depth is small and is assumed
to be known a priori. Current processing version of the spectra is 1.0. It must be
pointed out that the data presented here are preliminary and are not part of the high-
priority ACE-MAESTRO products. Water vapour profiles are only currently available
from August to October 2005.

3 ACE-FTS validation
3.1 Satellites

3.1.1 SAGEIl

The SAGE Il (Stratospheric Aerosol and Gas Experiment II) sensor was launched into
a 57 degree inclination orbit at 610 km aboard the Earth Radiation Budget Satellite
(ERBS) in October 1984 (Mauldin et al., 1985). The instrument ceased operations in
August 2005, so it operated throughout most of the first two years of the ACE mission.
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During each sunrise and sunset encountered by the orbiting spacecraft, the instrument
used the solar occultation technique to measure attenuated solar radiation through the
Earth’s limb in seven channels centered at wavelengths ranging from 0.385 to 1.02
micrometers. Profiles of H,O, O3, NO,, and aerosol extinction were produced from
these measurements.

Water vapour is retrieved using the 935 nm channel (Chu et al., 1993). SAGE Il water
vapour retrievals have undergone several revisions over the years. These retrievals in-
dicated strong influence of aerosol contamination and anomalies near the hygropause
region with a dry bias of up to ~40% in version 6.0 (Chu et al., 1993, 1993; Michelsen
et al., 2002). Several important modifications were incorporated in a new product (ver-
sion 6.2) which was released in October 2003, with significantly reduced sensitivity to
aerosols (Thomason et al., 2004; Chiou et al., 2004). Version 6.2 retrievals have been
extensively compared with ballonborne and satellite measurements and were found to
agree within ~10-15% between 15—-40km with a high bias and decreasing precision
above 40 km (Taha et al., 2004).

The SAGE Il version 6.2 and ACE-FTS data sets were searched for all occultations
that occurred within £2h and 500 km. A total of 169 coincidences were found during
the time both instruments collected spectra. Initially, comparisons were made sepa-
rately for sunrise/sunrise and sunset/sunset combinations and we also separated the
comparisons between coincidences in 2004 and 2005. In both cases results were very
similar, so only the overall combined results are shown here. Mean mixing ratio pro-
files for all coincidences are shown in Fig. 1. Both instruments show VMRs gradually
increasing with altitude above about 15 km, and sharply increasing below 15 km. Note
also that the variability in the SAGE Il measurements is significantly higher than in the
ACE-FTS measurements.

Figure 2 shows the profiles of the standard deviations of the distributions in percent
relative to the mean VMR at each altitude. ACE-FTS variations are on the order of
15% or less above 15km; SAGE Il variations are around 15-20% from 15—40 km, but
increase at higher altitudes in agreement with the conclusions of Taha et al. (2004).
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The differences between ACE-FTS and SAGE Il are quantified in Fig. 3. The differ-
ences between ACE-FTS and SAGE Il become more negative with increasing altitude,
from about +20% at 10 km down to —20% near 50 km. The reason for this is not under-
stood, but we note that the difference profile is similar in character to that obtained for
POAM Il — SAGE Il by Lumpe et al. (2006). However, using only SAGE Il data with an
error <50% as recommended by Taha et al. (2004) tends to remove the low values at
the higher altitudes thus possibly giving a high bias to the SAGE Il mean value. Below
20 km, some of the difference might be attributed to the aerosol clearing problems in
SAGE Il data.

3.1.2 HALOE

The HALogen Occultation Experiment (HALOE) was launched on the Upper Atmo-
sphere Research Satellite (UARS) spacecraft in September 1991, and after a period of
outgassing, it began science observations in October 1991 (Russell et al., 1993). The
experiment uses solar occultation to measure vertical profiles of Oz, HCI, HF, CH,,
H,O, NO, NO,, aerosol extinction at 4 infrared wavelenths, and temperature versus
pressure with an instantaneous vertical field of view of 1.6 km at the Earth’s limb. Lati-
tudinal coverage is from 80° S to 80° N over the course of 1 year and includes extensive
observations of the Antarctic region during spring. The altitude range of the measure-
ments extends from about 15km to 60—-130 km, depending on the species. HALOE
collected its final occultation event in November 2005.

HALOE water vapour retrievals have been compared extensively to in situ and re-
mote measurements, as summarized by Harries et al. (1996) and the SPARC water
vapour report (Kley et al., 2000). These comparisons suggest that HALOE H,O is
biased low by about 5% in the stratosphere.

The HALOE version 19 and ACE-FTS data sets were searched for coincident mea-
surements, also defined as occurring within £2 h in time and 500 km distance. A total
of 36 coincidences were found during the time both instruments made measurements.
Note that most comparisons correspond to polar summer conditions in the Northern
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Hemisphere. Figure 4 shows the average H,O profiles measured by both instruments
for all coincidences. Although the analysis was performed separately for sunrise and
sunset occultations, there were too few sunrise coincidences to obtain statistically sig-
nificant results. Thus, only results for averages over all of the coincidences are reported
here. Both instruments show very similar profile shapes, with VMRs increasing above
about 15 km. The altitude of the hygropause is the same in both instruments, although
VMRs increase much more rapidly below this altitude in the ACE-FTS than in HALOE,
resulting in significantly larger ACE-FTS VMRs below 15km. At higher altitudes the
ACE-FTS VMRs are also larger than HALOE, but by a smaller amount.

Qualitatively, both measurements have similar variability from about 15—40 km, with
HALOE variability increasing at higher altitudes. Measurement variability is quantified
in Fig. 5, which shows the standard deviations of the distributions relative to the mean
VMRs. There is excellent agreement between ACE-FTS and HALOE from about 15—
40 km, with standard deviations on the order of 5%. As expected from Fig. 4, variability
in the HALOE measurements is more than twice as large as that for ACE-FTS near
50 km. There is a significant increase in variability near 30 km that is captured by both
instruments, suggesting that this is a real phenomenon. This is also seen in HALOE
comparisons with other constituents such as CH, and HF (see DeMaziere et al., 2007;
Mabhieu et al., 2008). We believe that this reflects real summertime longitudinal vari-
ations arising from differential meridional transport caused by breaking of westward-
propagating waves that are evanescent in the summer easterly flow (see Hoppel et al.,
1999).

Figure 6 shows the percent differences between the instruments, plotted as ACE-
FTS minus HALOE relative to the average of the two instruments. As noted above,
measurements from the ACE-FTS are biased high compared to HALOE, but only by
about 5% from 20-50 km. Given the possible low bias in HALOE data, this suggests
that the ACE-FTS measurements are highly accurate in this altitude range. There is
a significant high bias below 17 km, increasing to more than 40% below 13km. This
reflects the difference in slope of the VMRs below the hygropause. At this point it is
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not clear if this is indicative of an error in one or both instruments, or if it is simply
an indication that the geophysical conditions sampled by ACE-FTS were different from
the geophysical conditions sampled by HALOE in this highly variable region of the
atmosphere. It could also be due to the coarser vertical resolution of the ACE-FTS.

3.1.3 POAMIII

The Polar Ozone and Aerosol Measurement Il (POAM Ill) instrument was developed
by the Naval Research Laboratory (NRL) to measure the vertical distribution of at-
mospheric O3, H,O, NO,, aerosol extinction, and temperature (Lucke et al., 1999).
POAM Ill measured solar extinction in nine narrow band channels, covering the spec-
tral range from approximately 350 to 1060 nm. POAM IIl was carried by the SPOT-4
spacecraft sponsored by the Centre National d’Etudes Spatiales (CNES), the French
Space Agency. It was launched in March 1998 in polar orbit and ceased operation in
December 2005.

Lumpe et al. (2006) performed comparisons between POAM I, HALOE and SAGE
[ measurements. They concluded that POAM lll version 4.0 had a 5—10% high bias for
sunrise measurements in the stratosphere below 35 km, transitioning to a possible low
bias of 10% by 50 km. POAM Il sunset measurements are 5—10% higher than sunrise
measurements.

Once again the chosen coincidence criteria are within £2h and 500 km distance.
With POAM III version 4.0, we detected 316 coincidences. Figures 7-9 are analogous
to Figs. 1-3 and 4-6. Like the HALOE and SAGE Il comparisons, the instruments show
similar profile shapes. As shown in Fig. 7, ACE-FTS reports less water than POAM Il
throughout most of the altitude range, consistent with the high POAM bias described
by Lumpe et al. (2006). Note also the large variability in the POAM measurements
compared to ACE-FTS. This is quantified in Fig. 8, which shows FTS variations around
5-10% throughout most of the altitude range, whereas POAM variability ranges from
about 15-30%. The relatively low precision of the POAM H,O measurements was
explained by Lumpe et al. (2006). Figure 9 quantifies the differences between ACE-
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FTS and POAM Ill. ACE-FTS VMRs are lower than those measured by POAM III from
about 13—40km, with a maximum difference of ~18% near 20km. Differences are
positive above 40 km. Taking into account the conclusions of Lumpe et al. (2006) about
POAM llI biases, the ACE-FTS profiles seem in very good agreement with corrected
POAM IlI profiles. Below 13 km the differences are again positive, showing the same
bias as SAGE Il and HALOE. That all three solar occultation instrument comparisons
show positive differences near 10 km possibly suggests a real wet bias in the ACE-
FTS data at this altitude. Note, however, that variability in H,O increases substantially
near the tropopause, so it is also possible that geophysical variations contribute to
the differences. In Fig. 7 there is a noticeable difference between the ACE-FTS and
POAM Ill mean profiles around 20-25 km, with the ACE-FTS showing only a hint of
the strong maximum seen in the POAM Il profile. This could be because of the lower
vertical resolution of ACE-FTS as compared to POAM lll, although a similar maximum
was seen quite clearly in the comparison with the SAGE Il profiles.

3.1.4 MIPAS

The Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) is one of the
core experiments on ESA’s Envisat satellite, launched in March 2002 (Fischer et al.,
2007). Envisat is in a quasi-polar, sun-synchronous orbit at an altitude of 800 km which
provides pole to pole coverag;e each day. MIPAS measures atmospheric limb emission
spectra from 685-2410cm™ " (14.5 to 4.1 um) over a tangent altitude range 6—-68 km.
After suitable ground processing, these spectra allow quantification of concentration
profiles of numerous atmospheric trace species. In addition, atmospheric temperature
as well as the distribution of aerosol particles, tropospheric cirrus, and stratospheric
ice clouds can also be derived from MIPAS data (Fischer et al., 2007).

Vertical profiles of H,O from MIPAS chosen for these comparisons have been re-
trieved with the dedicated scientific IMK-IAA data processor (von Clarmann et al.,
2003). The basic retrieval strategy for water vapour has been described by Milz et
al. (2005). For the actual comparison with ACE-FTS we have used the most recent
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version 13 IMK-IAA H,O dataset which differs from the version described by Milz et
al. (2005) with respect to the following two items: (1) log(VMR) instead of VMR has
been used as the primary retrieval quantity. This allows the usage of an altitude con-
stant a priori H,O profile independent of latitude. (2) NO, has been added as a second
fit parameter. Especially for the location and time of these comparisons, modification
(2) has been important to account for interfering NO, lines which were strongly en-
hanced during night at high altitudes due to an enhanced downward transport of NO,
inside the polar vortex.

Coincidences between MIPAS and ACE-FTS are found in the period from 10 Febru-
ary until 26 March 2004 located between 30° N and 80° N. (It should be noted that the
measurements before 21 February 2004 were taken during the commissioning phase
of the ACE mission.) The following coincidence criteria have been applied: maximum
time difference of £9h, maximum location difference of 800 km, and maximum dif-
ference of potential vorticity of 3x107° km? kg‘1 s™' at an altitude of 475K potential
temperature. Over all co-incidences, this resulted in a mean distance of 300+150 km
and a mean time difference of 0.2h (ACE-FTS — MIPAS). The distribution of the time
differences is, however, bi-modal since MIPAS measurements at the latitudes of the
MIPAS/ACE-FTS coincidences are either at day or night while the ACE-FTS observa-
tions used here are made during sunset. Thus, for nighttime MIPAS observations, the
time difference (ACE-FTS — MIPAS) is —-5+1.3 h, while in the case of MIPAS daytime
measurements it is 5.7+1.6 h.

Figure 10 presents the mean value of the VMR of 381 ACE-FTS profiles compared
to 728 MIPAS profiles. The black curve shows the ACE-FTS and the red curve the
MIPAS mean profile.

Figure 11 shows the profiles of the standard deviations of the distributions as percent
relative to the mean VMR at each altitude. ACE-FTS variations are on the order of
5-13% at 15-45km. MIPAS standard deviations are comparable to ACE-FTS below
20 km. From 25-40 km, they increase to values around 15% which is about 10% higher
than the ACE-FTS variability at these altitudes. This is due to a concurrent increase of
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MIPAS estimated noise errors at these altitudes. Above 45km, MIPAS and ACE-FTS
variability increase due to a combination of increase of spectral noise error and the
strong geophysical variability during the coincidence period.

Figure 12 shows the difference in percent between ACE-FTS and MIPAS. One can
see that the differences, from 68 down to 14 km never exceed 8%. Within that altitude
range the mean bias of ACE-FTS with respect to MIPAS is +3.2%.

Below 14 km, however, the two sets diverge and mainly below the hygropause the
ACE-FTS values are up to 20% higher than MIPAS.

3.1.5 Odin-SMR

Odin was developed by the Swedish Space Corporation, but it is an international project
where the space agencies of Finland (TEKES), Canada (CSA) and France (CNES) are
involved. It was launched in February 2001 into a circular, sun-synchronous, quasi-
polar orbit at 600 km altitude (Murtagh et al., 2002). One of the two instruments on-
board Odin is an advanced Sub-Millimeter Radiometer (SMR) using a 1.1 m telescope,
which is used for both astronomy and aeronomy missions (Frisk et al., 2003). It mea-
sures thermal emission lines at the Earth’s limb in the frequency band 486-580 GHz,
covering several water vapor lines (Urban et al., 2007). Mesospheric water vapor is
retrieved from the 557 GHz line and the current retrieval version 2.1 is described by
Lossow et al. (2007).

We found 2033 coincidences within £5h and less than 1000 km apart between the
measurements taken by the Odin-SMR and the ACE-FTS in the mesosphere. We
separated the coincidences by latitude as well by three-month season. Even if the
profiles were largely different the results of the comparisons were very similar. The
average ACE-FTS and SMR profiles for all coincidences are shown in Fig. 13 in the
altitude range from 50 to 90 km. The black line is the ACE-FTS average profile and
the red one the Odin-SMR average profile. One can see that the ACE-FTS profile is
larger than the SMR for all altitudes. Both profiles show a marked decrease in water
VMR with altitude. Figure 14 shows the difference (ACE-FTS — Odin-SMR) between
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the two profiles in VMR units. The bias is almost constant at a value of around 0.4
ppmv over the entire altitude range. However some remaining calibration issues in
the Odin-SMR data are probably responsible for this discrepancy (S. Lossow, personal
communication).

Figure 15 presents the same difference this time in percent with respect to the mean
of the ACE-FTS and SMR VMRs. The difference from 50 up to 82 km does not exceed
10%, but increases sharply above 82 km when the VMR approaches zero ppmv.

Gattinger et al. (2006) compared Odin-OSIRIS mesospheric OH observations with
OH deduced from a photochemical model applied to ACE-FTS H,O measurements.
They not only find a very good agreement between the two, but also that longitudinal
and temporal variabilities are well reproduced.

3.1.6 Aura-MLS

The Aura Microwave Limb Sounder (MLS), an advanced successor to the MLS instru-
ment on the Upper Atmosphere Research Satellite (UARS), is a limb sounding instru-
ment which measures thermal emission at millimeter and sub-millimeter wavelengths
using seven radiometers to cover five broad spectral regions (Waters et al., 1999). The
standard H,O product is retrieved from the radiances measured by the radiometers
centered near 190 GHz. The water retrievals from this instrument were already com-
pared to the ACE-FTS version 2.2 data (Lambert et al., 2007). The authors come to
the conclusion that both sets agree to better than +5% with no offset from 15 to 40 km.
At lower altitudes, they also see a sharp wet bias of the ACE-FTS measurements, just
as we do with the other satellite instruments.

3.2 Frostpoint hygrometers

The Cryogenic Frostpoint Hygrometer (CFH), which is currently built at the University
of Colorado, is capable of measuring the large range of water vapour concentrations
found in the troposphere and stratosphere (Vomel et al., 2007). It is carried up by small
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meteorological balloons and measures a water vapour profiles between the surface and
the middle stratosphere with high vertical resolution. The VMR uncertainty is about 4%
in the lower tropical troposphere to about 10% in the middle stratosphere and tropical
tropopause. Balloons were launched from 2004 to 2007 from Boulder in Colorado, San
Jose in Costa Rica and Sodankyla in Finland. At Boulder, CO some soundings were
obtained using the older NOAA/ESRL (National Oceanic and Atmospheric Adminis-
tration/ Earth System Research Laboratory) FrostPoint hygrometer (FP). The spatial
coincidence criteria were latitude differences less than +5 degrees and longitude less
than £20 degrees. The profiles were separated into 2 month periods and selected
comparisons are shown in Figs. 16 to 20. In these figures, all profiles are shown for
the indicated period, the FP/CFH in red and the ACE-FTS in blue. There was no time
criterion used other than the two month time period. The average profiles agree to
within 5% in the stratosphere above 18 km.

Below the hygropause there is some possibility that ACE-FTS may be a little bit dry.

Figure 20, presenting a great number of ACE-FTS data points, shows also how well
the instrument captures the natural variability of water, in perfect agreement with CFH.

3.3 PCL Lidar

The University of Western Ontario’s Purple Crow Lidar (PCL) is a powerful Rayleigh
resonance-scatter and Raman lidar system. It is located at the Delaware Observa-
tory, just southwest of London, Ontario (Sica et al., 1995). The transmitter for the
Rayleigh and Raman channels uses a frequency doubled YAG laser, which produces
600 mJ pulses at a pulse-repetition-frequency of 20Hz, i.e. 12W average power, at a
wavelength of 532nm. The PCL receiver is based on a 2.65m diameter liquid mer-
cury mirror. The use of this large mirror allows high signal-to-noise ratio Raman water
vapour and molecular nitrogen returns to be obtained at altitudes above 20 km. Sep-
arate detection system channels record the backscatter intensity profiles for the two
Raman channels, in addition to the high-altitude Rayleigh-scatter and sodium reso-
nance channels. For these comparisons, the lidar measurements were averaged over
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a night’s integration to minimize the statistical error.

The PCL lidar water vapour measurements and stratospheric-vibrational-Raman-
scattering temperatures have been calibrated against routine radiosonde measure-
ments from Detroit, Ml and Buffalo, NY by Argall et al. (2007). Their comparison
showed the lidar measurements were typically greater below 2 km and lower between
4 and 8 km than the radiosondes, but in general agreed to within about £12%. This
agreement is consistent with the uncertainties in the radiosondes themselves and the
tropospheric geophysical variability between the locations.

Four ACE-FTS overpasses were available for comparison. The PCL measurements
used for the comparisons are mean values of individual profiles taken during one night
when one overpass of ACE-FTS occurred. Careful inspection of the individual PCL
profiles showed no temporal variation during the observing periods, justifying the use
of a nightly-averaged profile. Furthermore, each night was free of clouds during the
measurement period. The proximity of each coincidence is given in Table 1. The
coincidence on 1 September 2005 was in close proximity to the PCL. The coincidences
on 2 September 2005 and 5 May 2006 are at approximately the same latitude, but about
10° of longitude to the west. The coincidence on 30 June 2006 was significantly north,
e.g. about 6° in latitude.

Figure 21 shows the coincidence on 30 June 2005, where ACE-FTS is north of the
PCL. This is the only coincidence where ACE-FTS measurements were not available
below 12km. There is general agreement below 16 km, but the lidar measurement
show a general increase of water vapour VMR with height. Above 16 km the lidar
measurements are about twice that of ACE-FTS. It should be noted that the validity
of the PCL measurement at 18.75km is questionable, although nothing unusual was
found in the lidar returns.

The coincidence on 1 September 2005 (Fig. 22) is the closest spatially to the PCL.
The general shape of the two measurements is similar, but the ACE-FTS VMRs are
about 10 times larger in the troposphere. Around the tropopause region the measure-
ments agree, but above 11.5km the PCL measurements sharply decrease and remain
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about 5 times smaller then ACE-FTS. Both the lidar temperature measurements and
Detroit radiosonde show the tropopause height to be around 17 km, corresponding to
the second water vapour increase in the PCL profile (Sica et al., 2008).

The coincidences on 2 September 2005 (Fig. 23) and 5 May 2006 (Fig. 24) use
ACE-FTS measurements obtained to the west of the PCL. On 2 September 2005 both
instruments measure higher VMRS in the upper troposphere, but again there is a large
difference in the magnitude of the ratios, with the ACE-FTS measurements about twice
the PCL measurements. In fact, on this night the ACE-FTS measurements are greater
at all heights. While the PCL measures a rapid decrease in VMR above 10 km, similar
to the previous night, the ACE-FTS measurements are much larger in this region (about
10 times). Above 14 km, the measurements agree to about 50%. The coincidence
on 5 May 2006 shows the best agreement. Both instruments measure a profile of
similar shape, and both observe a minimum at 14.5km altitude. Both the lidar and
the Detroit radiosonde see a temperature minimum at this height (Sica et al., 2008).
Above this height, the ACE-FTS measurements agree within the errors and are slightly
smaller than the PCL measurements. Below this height, the shape of each profile is
the same but again the ACE-FTS measurement is about 2 to 5 times greater than the
PCL measurements

4 ACE-MAESTRO/ACE-FTS comparison

We chose to compare median average profiles of ACE-MAESTRO and ACE-FTS in 4
latitudinal bands in September—October 2005: 70-75 degrees north, 30 north to 30
south, 35—60 degrees south and 60-70 degrees south. Data availability was limited
at northern mid-latitudes in this time period. The band widths were chosen to have at
least 20 profiles per band.

Because ACE-MAESTRO and ACE-FTS are aboard the same satellite, they share
the same pointing optics. However, due to slight differences in the optical path and
sampling time and, more importantly, due to the different refraction indices of the op-
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tical versus infrared light in the atmosphere, slight discrepancies in the geophysical
location are present. They will be small however. Differences in the water vapour
profile may also result from differences between the instruments in terms of spatial
resolution, particularly in the vertical direction. ACE-MAESTRO has a vertical resolu-
tion of ~1.2km (McElroy et al., 2007). The only difference between ACE-MAESTRO
and ACE-FTS which is consistent versus latitude occurs below 12—15 km, where ACE-
FTS is sensitive to the assumed shape of the ro-vibrational absorption lines it uses to
quantify water vapour concentration. The line shape issue requires further modelling
(Boone et al., 2007).

Figures 25 to 28 present the comparisons between the vertical profiles for the 4
latitudinal bands. Because ACE-MAESTRO currently gives noisy values in the middle
stratosphere, comparisons are limited to altitudes lower than 19km. It can be seen
from these figures that the agreement between ACE-FTS and ACE-MAESTRO are
very good in general, certainly well within the error bars. The generally good agreement
between the profiles may well be due to the very good pointing collocation of the two
instruments, removing any spatial variability of the water content known to be high
in the troposphere. Even when comparing single profiles instead of averages, the
agreement is good.

Figure 28 shows two minima in the ACE-MAESTRO water vapour concentration at
roughly 14.5 and 17.5 km. Cloud filtering of the profiles used in the median calculation
reduces the amplitude of the minima. This suggests that a real dehydration process
occurs at the two altitudes, particularly in the presence of PSCs. The lack of minima in
the ACE-FTS is thought to be due to the lower vertical resolution of the ACE-FTS.

5 Summary and conclusions

In this study, ACE-FTS version 2.2 water vapour profiles were compared with mea-
surements from the satellite-based instruments SAGE II, HALOE, POAM III, MIPAS
and SMR as well as balloon-borne frostpoint hygrometer and ground-based lidar ob-
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servations. A new H,O product from ACE-MAESTRO was also introduced and initial
comparisons with ACE-FTS were described.

Apart from POAM lll, the comparisons made with the instruments onboard satellites
all show a slight positive bias of the ACE-FTS of the order of 3 to 10% in the altitude
range 15 to 70 km. However taking into account the conclusions drawn by the various
papers validating SAGE Il, HALOE and POAM lll, the accuracy of the ACE-FTS water
vapor VMR can be estimated to be better than the comparisons by several percent.
The comparison with Odin-SMR also shows a roughly constant wet bias of 0.4 ppmv
from 50 to 90km. Note as described in Sect. 3.1.5., that the remaining calibration
issues of the Odin-SMR instrument may cause a small low bias that could be of the
same magnitude as the aforementioned difference. That all space-borne instruments
comparisons show an ACE-FTS positive difference near 10 km possibly suggests a
real bias in the ACE-FTS data at low altitude. The same is true when comparing
ACE-FTS with the Purple Crow Lidar. Note, however, that variability in H,O increases
substantially near the tropopause, so it is also possible that geophysical variations
contribute to these differences. The results obtained from the comparison with the
hygrometers seem to be in contradiction with the findings above. They suggest that
ACE-FTS is often dryer in the troposphere.

The variability in the upper troposphere (below the hygropause) is quite large, so
one needs good coincidences to make substantial statements. However in order to
have statistically meaningful averages, we had to relax the coincidence criteria. We
might just be sampling the variability of the upper troposphere, not the differences in
the instruments.

Finally, the comparisons with ACE-MAESTRO do not consistently show a significant
wet or dry bias at 10km. This could be partly due to the fact that some errors (e.g.
altitude registration) are common to both ACE instruments and thus are not revealed
by this internal comparison.

In view of all the results shown here and the discussion about the validity of the mea-
surements made by the other instruments, we certainly can conclude that the ACE-FTS
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water vapour measurements are in very good agreement with most of the comparison
instruments to a level better than 5-10% in the stratosphere from 15 to 70km. This
difference increases gradually above 70 km. The situation below 15 km is more diffi-
cult to establish since the space-borne instruments show an ACE-FTS wet bias but the
hygrometers show a dry bias at the same altitudes. The discrepancy here can be as
high as 40% with the other instruments. However it is well known that the water vapour
content in the troposphere can vary wildly both spatially and temporally.

The high repeatability of ACE-FTS in the stratosphere relative to MIPAS, POAM I,
ACE-MAESTRO, and SAGE II, combined with the small biases relative to the ensem-
ble of correlative instruments and the good geographical coverage provided by the
mid-inclination orbit suggests that ACE-FTS is probably the best available satellite in-
strument for validating future water vapour profilers. The high precision of ACE data
makes it useful for trend studies (Nassar et al., 2005a), descent rate calculations (Nas-
sar et al., 2005b), and other process studies.

All the results discussed above are for mean profiles calculated, for most of them,
from hundreds and even thousands of profiles. In one particular case, the PCL li-
dar, single profiles were compared. Values differing by as much as a factor of 10 are
seen. In this case the spatial variability becomes one of the most important factors
because the variability is not minimized by averaging. A possible temporal variability
was excluded by making lidar measurements during several hours and checking that
the water vapor content remained almost constant. Also, the inherent differences in
the measurement techniques can impact these comparisons. The lidar observation
collects its signal from a narrow column of air above the station whereas the solar oc-
cultation measurement by ACE-FTS averages over a ~500 km horizontal path length
through the atmosphere.
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Table 1. Spatial-temporal coincidence of ACE-FTS overpasses with the Purple Crow Lidar.
The distance in the 3rd column is to the 10 km point of the ACE-FTS measurement. The time in
the 4th column is the time between the ACE-FTS overpass and the nearest PCL measurement.

Coincidence  ACE Occultation Distance (km) Time (h:min)

30 June 2005 ss10130 776 0:24
1 Sep 2005 sr11060 228 1:01
2 Sep 2005 sr11075 854 1:14
5 May 2006 sr14686 925 1:31
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Fig. 1. Average profiles (thick lines) for all coincident measurements between ACE-FTS (black)
and SAGE Il (red). Thin lines are the profiles of standard deviations (1-c) of the distributions,
while error bars (often too small to be seen) represent the uncertainty in the mean (1-o divided
by the square root of the number of comparisons).
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Fig. 2. Standard deviations of the distributions, 1-o, relative to the mean H,O VMR at each

altitude, for all coincident events, for ACE-FTS (black) and SAGE Il (red).
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Fig. 3. Average percent differences (solid line) between ACE-FTS and SAGE Il relative to
the average of the two instruments, for all coincidences. Dashed lines represent the standard
deviation of the distribution of differences while error bars represent the uncertainty in the mean

difference.
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Fig. 5. Same as Fig. 2, but for HALOE.
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Fig. 6. Same as Fig. 3, but for HALOE.
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Fig. 9. Same as Fig. 3, but for POAM lII.
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Fig. 10. Same as Fig. 1, but for MIPAS.
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Fig. 12. Same as Fig. 3, but for MIPAS.
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Fig. 13. Average profiles for all 2033 coincident measurements of ACE-FTS (black) and Odin-

SMR (red).
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Fig. 16. ACE-FTS (blue) and NOAA/FP (red) profiles for the February/March periods for all
years from 2004 to 2006, above Boulder, Colorado (40N, 105.2W).
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Fig. 17. Same as Fig. 16 for April/May.
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Fig. 18. Same as Fig. 16 for July/August.
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Fig. 19. ACE-FTS (blue) and CFH (red) profiles for the July/August 2005 period, above San

Jose, Costa Rica (10N, 84.21W).
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Fig. 20. ACE-FTS (blue) and CFH (red) profiles for the January 2005—March 2006 period,
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Fig. 21. PCL (blue) and ACE-FTS (red) profiles recorded on 30 June 2005. The horizontal
lines are the respective errors on the measurements. For this coincidence ACE-FTS did not

retrieve water vapour below 12 km.
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Fig. 22. Same as Fig. 21 on 1 September 2005.
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Fig. 23. Same as Fig. 21 on 2 September 2005.
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Fig. 24. Same as Fig. 21 on 5 May 2006.
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Fig. 25. Comparison of the ACE-MAESTRO (red) and ACE-FTS (black) median profiles for the
latitudinal band 70-75 degrees north in October 2005 (autumn). The horizontal lines are the
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1-sigma variability on the VMR at the different altitudes.
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Fig. 26. Same as Fig. 25 for the 30 degrees north — 30 degrees south band.
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Fig. 27. Same as Fig. 25 for the 35-60 degrees south band (spring).
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Fig. 28. Same as Fig. 25 for the 60-70 degrees south band (spring).
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