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[1] Within the SPARC Data Initiative, the first comprehensive assessment of the quality
of 13 water vapor products from 11 limb-viewing satellite instruments (LIMS, SAGE II,
UARS-MLS, HALOE, POAM III, SMR, SAGE III, MIPAS, SCIAMACHY, ACE-FTS,
and Aura-MLS) obtained within the time period 1978-2010 has been performed. Each
instrument’s water vapor profile measurements were compiled into monthly zonal mean
time series on a common latitude-pressure grid. These time series serve as basis for the
“climatological” validation approach used within the project. The evaluations include
comparisons of monthly or annual zonal mean cross sections and seasonal cycles in the
tropical and extratropical upper troposphere and lower stratosphere averaged over one or
more years, comparisons of interannual variability, and a study of the time evolution of
physical features in water vapor such as the tropical tape recorder and polar vortex
dehydration. Our knowledge of the atmospheric mean state in water vapor is best in the
lower and middle stratosphere of the tropics and midlatitudes, with a relative uncertainty
of +£2-6% (as quantified by the standard deviation of the instruments’ multiannual
means). The uncertainty increases toward the polar regions (£10-15%), the mesosphere
(£15%), and the upper troposphere/lower stratosphere below 100 hPa (£30-50%),
where sampling issues add uncertainty due to large gradients and high natural variability
in water vapor. The minimum found in multiannual (1998-2008) mean water vapor in the
tropical lower stratosphere is 3.5 ppmv (£+14%), with slightly larger uncertainties for
monthly mean values. The frequently used HALOE water vapor data set shows
consistently lower values than most other data sets throughout the atmosphere, with
increasing deviations from the multi-instrument mean below 100 hPa in both the tropics
and extratropics. The knowledge gained from these comparisons and regarding the
quality of the individual data sets in different regions of the atmosphere will help to
improve model-measurement comparisons (e.g., for diagnostics such as the tropical tape
recorder or seasonal cycles), data merging activities, and studies of climate variability.
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1. Introduction

[2] Water vapor is the most important natural greenhouse
gas in the atmosphere and is a positive feedback of the
CO; climate forcing [Randall et al., 2007]. The greenhouse
effect of water vapor (given a change in absolute values)
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is strongest in the upper troposphere and lower stratosphere
(UTLS) [Forster and Shine, 2002], where the lowest temper-
atures are found and strong gradients across the tropopause
region exist [e.g., Gettelman et al., 2011]. Water vapor is also
a key constituent in atmospheric chemistry. It is the source of
hydroxyl (OH), which controls the lifetime of shorter-lived
pollutants, tropospheric and stratospheric ozone, and other
longer-lived greenhouse gases such as methane [Seinfeld
and Pandis, 2006]. Furthermore, water vapor has an impor-
tant influence on stratospheric chemistry through its ability
to form ice, which offers a surface for heterogeneous chem-
ical reactions involved in the destruction of stratospheric
ozone [Solomon, 1999]. Accurate knowledge of the water
vapor distribution and its trends from the upper troposphere
up to the mesosphere is therefore crucial to understand
climate and chemical forcings.

[3] It is noteworthy that despite the importance of water
vapor, there seems to be only little skill in representing water
vapor distributions in current chemistry-climate models
(used for the assessment of ozone depletion and chemistry-
climate interactions) in both the tropical [Gettelmann et al.,
2010] and the extratropical UTLS [Hegglin et al., 2010], as
well as in climate models such as used for the IPCC climate
assessments [Jiang et al., 2012] and reanalyses [Jiang et al.,
2010] in these regions. The lack of progress in representing
UTLS water vapor in models may partially be explained by
inconclusive observational records, to which the models are
compared [SPARC CCMVal, 2010].

[4] Hitherto, observed long-term changes in stratospheric
water vapor remain somewhat of a puzzle [Randel et al.,
2004; Hurst et al., 2011; Fueglistaler, 2012], since the pro-
cesses that are expected to control water vapor in the strato-
sphere such as methane oxidation and tropical tropopause
temperatures do not show a long-term behavior consistent
with the derived water vapor trends. Progress in our under-
standing is compromised by the current limited knowledge
of data quality for both temperature [Seidel et al., 2011]
and water vapor measurements. It is not trivial to accurately
measure water vapor, and satellite measurements, as well as
in situ correlative data, have been shown to exhibit large
absolute differences [SPARC WAVAS, 2000]. In particular,
the current lack of an accepted standard from in situ correl-
ative data precludes a conclusive assessment of the perfor-
mance of available satellite water vapor measurements [see
Weinstock et al., 2009]. Also, while a large number of stud-
ies exist on the validation of individual water vapor products
[e.g., Lambert et al., 2007; Milz et al., 2009], these focus
on profile-by-profile comparisons and have been limited to a
subset of the available satellite data.

[5] Within the SPARC Data Initiative (M. I. Hegglin et al.,
SPARC Data Initiative: Comparison of trace gas and aerosol
climatologies from international satellite limb sounders,
manuscript in preparation, 2013) we have performed the
first comprehensive comparison of water vapor products
from most of the available limb-viewing satellite instru-
ments from the international space agencies CSA, ESA,
NASA, and the Swedish National Space Board (section 2).
Monthly zonal mean water vapor time series within the
time frame 1978-2010 have been compiled over the life-
time of each instrument. These climatologies are then com-
pared using a “climatological” validation approach, rather
than the classical validation method based on measurement

coincidences (see section 3). Using climatologies instead
of the often small numbers of available coincident profiles
may substantially reduce random errors and hence improve
validation [e.g., Hegglin et al., 2008]. Evaluations include
the zonal mean atmospheric distribution of water vapor and
its seasonality, and other physical features such as interan-
nual variability, the tropical tape recorder, or polar vortex
dehydration (section 4). While the “best” performing instru-
ment is not readily determined, the work presented here
is intended to give an overview of the spread and relative
differences between available satellite measurements, and
to show whether the data sets exhibit physically consistent
behavior, as summarized and discussed in section 5. Where
possible, we provide an expert judgment on the sources of
observed differences and guidance to data users regarding
which data sets might be best for studies of climate vari-
ability and trends, model-measurement comparisons, and
data merging activities. The water vapor comparisons pre-
sented here are part of a larger endeavor, the SPARC Data
Initiative, which compares 25 different chemical tracers
(among them ozone Tegtmeier et al., 2013), and aerosol
(M. 1. Hegglin et al., SPARC Data Initiative: Comparison
of aerosol climatologies from international satellite limb
sounders, manuscript in preparation, 2013).

2. Satellite Instruments and Their Water
Vapor Products

[6] Climatologies of 13 different water vapor products
from 11 limb-viewing satellite instruments (LIMS, SAGE II,
UARS-MLS, HALOE, POAM 111, SMR, SAGE III, MIPAS,
SCIAMACHY, ACE-FTS, and Aura-MLS) (see full name of
instruments in Table 1) have been compiled by the respective
instrument teams to the SPARC Data Initiative for compari-
son. The length and vertical extent of each instrument’s time
series are illustrated in Figure 1. The instruments use differ-
ent measurement methods (solar occultation, limb emission,
or limb scattering) and operate in different wavelength bands
as listed in Table 1. These measurement characteristics deter-
mine the sampling pattern (hence, geographical coverage,
see detailed description for each instrument in 7oohey et al.,
2013) as well as the vertical resolution of each individual
instrument. The most important information on each water
vapor data product are summarized in Table 2, including
data version, temporal coverage, vertical extent, native ver-
tical resolution (i.e., before interpolation onto the SPARC
Data Initiative climatology grid), references to the most rel-
evant data characterization or validation publications, and
additional instrument-specific comments. It should be men-
tioned early on that SAGE II suffered from a shift in its
retrieval channel. The exact nature of the shift and when
it happened could not be established. For the V6.2 water
vapor retrievals, the retrieval channel has therefore been
switched from 935 to 945 nm in order to obtain a bet-
ter match with HALOE mean values [Thomason et al.,
2004]. The SAGE II and HALOE mean biases versus other
data sets as derived in this paper can therefore not be con-
sidered independent. Also, note that MIPAS operated in two
different measurement modes, namely at full spectral reso-
Iution from 2002-2004 (denoted as MIPAS(1)), and after a
technical problem with the interferometer at reduced spec-
tral resolution from 2005-2010 (denoted as MIPAS(2)). Two
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Table 1. Name, Full Name, Satellite Platform, Observation Geometry, and Measurement Wavelength of Instruments Participating in the

SPARC Data Initiative
Observation Measurement
Instrument Full Name Satellite Platform Geometry Wavelength
LIMS Limb Infrared Monitor Nimbus 7 Limb emission Mid-IR
of the Stratosphere
SAGE I, 11T Stratospheric Aerosol ERBS, Meteor-3M Solar occultation Near-IR
and Gas Experiment
UARS-MLS UARS-Microwave UARS Limb emission Microwave/Sub-mm
Limb Sounder
HALOE The Halogen UARS Solar Occultation Mid-IR
Occultation Experiment
POAM III Polar Ozone and Aerosol SPOT-4 Solar occultation Near-IR
Measurement VIS/UV
SMR Sub-Millimeter Radiometer QOdin Limb emission Microwave/Sub-mm
MIPAS Michelson Interferometer for Envisat Limb emission Mid-IR
Passive Atmospheric Sounding

SCIAMACHY Scanning Imaging Absorption Envisat Limb scattering Near-IR

spectroMeter for VIS/UV

Atmospheric CHartographY
ACE-FTS Atmospheric Chemistry SCISAT-1 Solar occultation Mid-IR
Experiment - Fourier
Transform Spectrometer

Aura-MLS Aura-Microwave Limb Sounder Aura Limb emission Microwave/Sub-mm
different data products were also obtained from SMR, which 3. Methods

are retrieved at different wavelengths and cover different
altitude regions (see Table 2). More detailed information on
the different instruments and how the climatologies were
compiled can be found in (SPARC Data Initiative, SPARC
report on the evaluation of trace gas and aerosol climatolo-
gies from satellite limb sounders, Editors: M. I Hegglin and
S. Tegtmeier, in preparation, 2013) and the SPARC Data Ini-
tiative overview paper, which is part of this special issue
(M. L. Hegglin et al., SPARC Data Initiative: Comparison
of trace gas and aerosol climatologies from international
satellite limb sounders, manuscript in preparation, 2013).

[71 We here provide a short summary of the methods
used to evaluate the SPARC Data Initiative water vapor time
series. More detailed information on the evaluation approach
or instrument-specific data preparation and handling can be
found in (SPARC Data Initiative, SPARC report on the eval-
uation of trace gas and aerosol climatologies from satellite
limb sounders, Editors: M. I Hegglin and S. Tegtmeier, in
preparation, 2013). Note that within the SPARC Data Ini-
tiative, agreement between instruments is defined using the
following terminology: excellent agreement (up to £2.5%),
very good agreement (up to £5%), good agreement (up to
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Figure 1. Available water vapor data records between 1978 and 2010 from limb-sounding satellite
instruments participating in the SPARC Data Initiative. The red filling of the grid boxes indicates the
temporal (January to December) and vertical coverage (300 to 0.1 hPa) of the respective instrument in a

given year.
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Table 2. Water Vapor Data Sets Used Within the Sparc Data Initiative, Including Information on Data Version, Temporal Coverage,
Vertical Extent, Vertical Resolution of the Native Retrieval Grid, Relevant References and Other Relevant Remarks

Instrument Vertical Vertical
and Data Version Time Period Range Resolution References Additional Comments
LIMS V6.0 Nov 1978-May 1979 cloud top-1 hPa 3.7 km Remsberg et al. [2009] -
SAGE 11 V6.2 Oct 1984—Aug 2005 cloud top-50 km 1-2.5 km Thomason et al. [2004]
<25km 1 km Taha et al. [2004] Data
> 30 km 2.5km above 3 hPa excluded
UARS-MLS V6 Oct 1991-Mar 1993 18-50 km 3—4 km Pumphrey [1999] H,O stops early due
> 50 km 5-7 km to radiometer failure
HALOE V19 Oct 1991-Nov 2005 cloud top-90 km 2.5km Grooss and Russell 111 [2005] Data below tropopause
are excluded
SAGE 111 V4.0 May 2002-Dec 2005  cloud top-50 km 1.5 km Thomason et al. [2010] Only solar products
are used here
POAM 111 V4.0 Apr 1998-Dec 2005 5-45 km 1-2 km Lumpe et al. [2006] -
Lucke et al. [1999]
SMR Jul 2001- 16-75 km
SMR(2) V2.0 16-20 km 3—4 km Urban [2008]; Urban et al. [2012] 544 GHz-band
SMR(1) V2.1 20-75 km 3 km Urban et al. [2007, 2012] 489 GHz-band
MIPAS cloud top-70 km Measurement mode switched
MIPAS(1) Mar 2002—Mar 2004 4.5-6.5 km Milz et al. [2005] in 2005 from high spectral
V3o H20 13 to high vertical resolution
MIPAS(2) Jan 2005—-Apr 2012 2.5-6.9 km Milz et al. [2009]
V5r H20_220 von Clarmann et al. [2009]
SCIAMACHY Sep 2002—-Apr 2012 11-25 km 3-5km Rozanov et al. [2011] New data product; note
V3.0 reduced latitudinal coverage
during winter (<55°S/N);
only every 8th day included
ACE-FTS V2.2 Mar 2004— 5-89 km 3—4 km Carleer et al. [2008] -
Hegglin et al. [2008]
Aura-MLS V3.3 Aug 2004— 316-100 hPa 2-3 km Read et al. [2007] -
100-0.2 hPa 3—4 km Lambert et al. [2007]
< 0.1 hPa 6-12 km Livesey et al. [2011]

+10%), reasonably good agreement (up to +20%), consid-
erable disagreement (up to +50%), and large disagreement
(up to £100%). All these numbers are with respect to the
multi-instrument mean (MIM), so that where two instru-
ments show excellent agreement of +2.5%, the absolute
difference between them is 5%.

3.1. Water Vapor Climatology Construction
and Uncertainty

[8] Zonal monthly mean time series of water vapor (in
volume mixing ratio, VMR) have been calculated for each
instrument on the SPARC Data Initiative climatology grid,
using 5° latitude bins (with midpoints at 87.5°S, 82.5°S,
77.5°S, ..., 87.5°N) and 28 pressure levels (300, 250, 200,
170, 150, 130, 115, 100, 90, 80, 70, 50, 30, 20, 15, 10, 7,
5, 3,2,15,1,0.7, 05, 0.3, 0.2, 0.15, and 0.1 hPa). To
this end, profile data have been carefully screened before
binning and a hybrid log-linear interpolation in the verti-
cal has been performed (except for ACE-FTS which bins in
log-pressure, see Jones et al. [2012]). For instruments that
provide data on an altitude grid, a conversion from altitude

to pressure levels is performed using retrieved tempera-
ture/pressure profiles or meteorological analyses (ECMWEF,
GEOS-5, or NCEP). Similarly, this information is used to
convert retrieved number densities into VMR, where needed.
Along with the monthly zonal mean value, the standard devi-
ation and the number of averaged data values are given for
each grid point.

[o] Interpretation of the differences between the individ-
ual water vapor climatologies will need to take into account
several sources of uncertainty, including systematic errors
of both the measurements and the climatology construc-
tion. Random measurement errors have little impact on the
climatological means; however, measurement biases (e.g.,
related to retrieval errors) will introduce systematic differ-
ences between an individual instrument’s climatology and
the truth. Differences in the climatologies from the truth
arise also from sampling biases [Toohey et al., 2013] and
differences in the averaging technique used to produce the
climatologies [Funke and von Clarmann, 2012]. Since the
overall uncertainty of the climatology is not accessible in a
consistent way from bottom up estimates for all of these data

11,827



HEGGLIN ET AL.: SPARC DATA INITIATIVE WATER VAPOR COMPARISONS

Table 3. Definitions and Abbreviations of Different Atmospheric
Regions as Used in This Study?®

Lower Upper
Region Abbreviation Boundary Boundary
Upper Troposphere UT 300 hPa tropopause
Lower Stratosphere LS tropopause 30 hPa
Middle Stratosphere MS 30 hPa 5 hPa
Upper Stratosphere UsS 5 hPa 1 hPa
Lower Mesosphere LM 1 0.1 hPa

?Note: The full height range corresponds to about 9-65 km.

sets, we use here as an approximate measure of the uncer-
tainty in each monthly mean climatology the standard error
of the mean (SEM):

SEM = o//n, (1)

where o is the standard deviation of the measurements and
n the number of measurements at each grid point. The range
of twice the SEM can be loosely interpreted as the 95%
confidence interval of the monthly mean. Although sam-
pling patterns and densities differ greatly between different
instruments, the SEM has been shown to generally pro-
duce a conservative estimate of the true random error in the
mean for both solar occultation and dense sampling patterns
[Toohey and von Clarmann, 2013]. This is due to the fact
that sampling by satellite instruments is generally roughly
uniform with respect to longitude. It should be noted how-
ever that the SEM does not contain the influence of irregular
or incomplete sampling of the month and latitude band,
which can produce sampling biases in the climatologies
[Toohey et al., 2013].

3.2. Evaluation Diagnostics

[10] A set of standard diagnostics is used to investi-
gate and test the differences between the water vapor time
series obtained from the different instruments. The diag-
nostics include annual and monthly zonal mean climatolo-
gies, vertical and meridional mean profiles, and seasonal
cycles for a single year or averaged over multiple years. In
addition, evaluations of interannual variability, the tropical
tape recorder, and polar vortex dehydration, which test the
physical consistency of the data sets, are carried out. The
evaluation methods are briefly described in the following.
The definition of different altitude regions in the atmosphere
as used throughout the study is given in Table 3.

3.2.1. Multi-Instrument Mean Reference

[11] In past assessments of water vapor data products
[e.g., SPARC WAVAS, 2000], HALOE has often been used
as point of reference. Here we use a different approach,
namely to reference with respect to the multi-instrument
mean (MIM). The MIM is calculated by taking the mean of
all available instrument climatologies within a given time
period of interest. Note that the MIM does not represent the
best estimate of the atmospheric state, since all instruments
are included in its calculation regardless of their quality and
without any weighting applied to them. If measurements
from a particular instrument are deemed unrealistic, they are
not included in the MIM. The relative percentage differences

between the water vapor mixing ratios of an instrument
(Xinstrument) @nd the MIM (ymiv) are then given by:

100*(Xinstrumcm - XMIM)/XMIM~ (2)

One always has to keep in mind when interpreting relative
differences with respect to the MIM that the composition
of instruments from which the MIM was calculated may
have changed between time periods. Hence, changes in
derived differences are not to be interpreted as changes in the
performance (or drifts) of an individual instrument. Also, if
there is an unphysical behavior in one instrument, the MIM
and thus the differences with respect to the MIM of the other
instruments will most certainly reflect this unphysical behav-
ior as well. Finally, if one instrument does not have global
coverage for every month, some sampling biases may be
introduced into the MIM.
3.2.2. Cross Sections and Profiles

[12] Since water vapor is considered a long-lived species
in the stratosphere, we use single year or multiyear annual
averages of the monthly zonal mean cross sections for com-
parison. Multiyear annual averages are preferred since they
limit potential sampling errors due to interannual variability,
e.g., through the quasi-biennial oscillation (QBO). Excep-
tions to this are the single-month comparisons of LIMS due
to the shorter lifetime of this mission (<1 year) and UARS-
MLS due to the strongly varying aerosol loading of the
atmosphere during its lifetime caused by the Mt. Pinatubo
eruption, which may aggravate sampling biases in multi-
annual means. Also, note that sampling biases will have a
larger impact on the multiannual mean evaluations closer to
the tropical tropopause, where natural variability is known
to be large. In addition, vertical and meridional profile com-
parisons are hence performed on a monthly basis in order to
provide information on the monthly behavior and check on
the impact of sampling issues on the instrument differences.
3.2.3. Seasonal Cycle Analysis

[13] For the comparison of seasonal cycles, a multiyear
approach has been chosen as well. Note that a reliable esti-
mate of the mean annual cycle would require averaging the
data over at least one or two QBO cycles (approximately
3 or 5 years) in order to properly account for the strong
QBO-dependence water vapor exhibits [e.g., Fueglistaler
and Haynes, 2005]. The plots of the seasonal cycles include
the MIM together with its standard deviation, which is a
measure of the range of mean values obtained by the differ-
ent instruments. A combined annual and semiannual fit has
been applied to all the available monthly mean values of a
single instrument in order to yield a seasonal cycle that is
comparable for all instruments, including those that do not
measure all months of the year. In addition to the seasonal
cycle plots, Taylor diagrams [7aylor, 2001] are shown in
order to compare the different instruments in a more quanti-
tative way. Taylor diagrams offer a visual summary of how
well the seasonal cycle of a certain instrument represents
the seasonal cycle of a reference field, in our case the MIM.
Three measures of agreement are shown on Taylor plots
[Taylor, 2001] (see also Hegglin et al. [2010] for an illustra-
tive example): the correlation on the azimuthal axis, which
represents how well the phase of the seasonal cycle is mea-
sured by the instrument; the normalized amplitude on the
radial axes, which indicates how well the strength of the
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Figure 2. Cross sections of November and May monthly zonal mean water vapor for the (from left to
right) MIM, LIMS, and SAGE II for the years indicated in the headings. Right panels show the relative
differences between LIMS and the MIM. Note that SAGE II differences have the same values, but are of

opposite sign.

seasonal cycle is captured; and the skill factor, given with
the light grey lines, which is a combination of the other two
measures and therefore summarizes the overall performance
of an instrument.

3.2.4. Time Series of Absolute

and Deseasonalized Values

[14] Time series of absolute values and deseasonalized
anomalies are used to analyze intra-annual and interannual
variability in the water vapor data sets.

[15] Time series based on absolute values in time-pressure
coordinates are used to evaluate the tropical tape recorder
and polar dehydration as they are represented in each instru-
ment’s climatologies. For the tropical tape recorder, we
average vertical profiles between 15°S and 15°N as chosen
in the original study by Mote et al. [1996] in order to get
a strong signal unaffected by the subtropical mixing zones.
For the polar vortex dehydration, we use profiles between
60°S and 90°S. Only the dehydration in the southern polar
vortex is examined since the northern polar vortex is not as
strongly isolated.

[16] In addition, time series of deseasonalized anomalies
are shown for selected latitude bands and pressure levels.
Monthly anomalies are calculated for each instrument by
subtracting the multiyear monthly mean from its monthly
mean values. The multiyear monthly mean is thereby aver-
aged over all years of the whole time series available from
each instrument. No additional adjustments are applied to
the anomaly time series.

3.2.5. Summary Evaluations

[17] We use two different sets of summary plots in order
to present an overview of the findings in section 5. The first
set of summary plots highlights the uncertainty estimate in
our knowledge of the atmospheric mean state. It shows the
annual zonal mean MIM, minimum (MIN) and maximum

(MAX) fields. The latter two are the minimum and maxi-
mum values found at each grid point across all instruments.
In addition, the difference between MAX and MIN as well
as the standard deviation over all instruments are presented
in absolute and relative values to give information on the
spread around the MIM.

[18] The second set of summary plot highlights spe-
cific interinstrument differences in selected regions of the
atmosphere, emphasizing those data sets that are consistent
with one another and those that are not. The differences
are plotted for each instrument and region in form of the
median (or mean) deviation from the MIM, calculated over
all the differences from the MIM at each individual grid
point within the selected region. The regions are divided into
different altitude ranges (300-100; 100-30; 30-5; 5-1; and
1-0.1 hPa) and into the extratropics (40°-80°S and N) and
the tropics (20°S—20°N). In addition, the median absolute
deviation (MAD) is provided for each instrument and region.
The MAD over the sample x = (xi, . . ., X,) is defined as

MAD = median(jx — median(x)|) 3)

and represents the interval around the median that contains
50% of the data [Rousseeuw and Croux, 1993]. For compar-
ison, the range indicating the mean +10 is also indicated.
Instruments that were not measuring during the reference
time period were added to the plot using instruments that
measured during both periods as transfer standards. This
procedure also ensures that potential trends in water vapor
do not influence the comparison. However, if the instrument
used as the transfer standard exhibits a drift between the
two time periods, the comparison would be biased by the
magnitude of the drift.
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Figure 3. Cross sections of February and October monthly zonal mean water vapor for the (left column)
MIM in 1992. (right columns) The relative differences between SAGE II, UARS-MLS, and HALOE with

respect to the MIM, respectively.

4. Results and Discussion

4.1. Cross-Section Comparisons

4.1.1. LIMS (1978-1979) Versus SAGE II (1984-1990)

[19] Figure 2 shows a comparison of monthly zonal mean
water vapor fields between LIMS and SAGE II. Note that
the MIM is not weighted by the length of the observation
periods, such that SAGE II has the same weight as LIMS
despite having more years of observations. Also, as men-
tioned in section 2, the comparison with SAGE II V6.2
water vapor mean values is affected by the one-off adjust-
ment of SAGE II to match with HALOE in the mid-1980s.
The figure reveals the key features of the water vapor dis-
tribution in the middle atmosphere, which is the result of a
combination of the Brewer-Dobson circulation and a strato-
spheric source of water vapor. Air entering the stratosphere
is dehydrated as it passes through the very cold tropical
tropopause, creating a minimum in water vapor just above
the tropopause. As the air ascends to higher altitudes, it
gains water vapor through the oxidation of methane [Bates
and Nicolet, 1950]. Isentropic mixing between the ascending
branch of the Brewer-Dobson circulation in the tropics (with
low water vapor values) and the descending branch in the
extratropics (with high water vapor values) then produces
typical downward and poleward sloping tracer isopleths.
Dehydration and subsequent sedimentation of ice particles
in the cold winter polar vortex can lead to an additional
minimum in the lower stratosphere at high latitudes [Kelly
etal., 1989].

[20] The comparison reveals quantitatively that LIMS and
SAGE 1II show very good to excellent agreement in the
tropics (within £2.5-5% of the MIM, corresponding to
interinstrument differences of 5-10%) and mostly agree well
in the extratropics (within £5-10% of the MIM, or 10-20%
interinstrument differences), although it should be kept in

mind that the measurements from the two instruments do not
overlap in time. Generally, SAGE II values are somewhat
lower (higher) than LIMS values below (above) 10 hPa.
LIMS exhibits rather atypical isopleths (also when com-
pared to other, later instruments) that with the lowest tropical
values not reaching far enough into midlatitudes. As a con-
sequence, the differences from the MIM increase moving
to higher latitudes. Validation of LIMS water vapor V6.0
with a limited number of available correlative profile mea-
surements at midlatitudes, confirm that LIMS between 10
and 70 hPa is higher by about 10-15% although within the
stated measurement uncertainties of the respective instru-
ments [Remsberg et al., 2009]. Below 80-100 hPa, the
differences from the MIM increase to over +20% across all
latitudes, with SAGE II showing negative and LIMS show-
ing positive deviations. The disparity in vertical resolution
of the two instruments (see Table 2) is likely the reason for
the large differences closer to the tropopause, where strong
vertical gradients in water vapor are found.

4.1.2. SAGE II, HALOE, and UARS-MLS (1992)

[21] Figure 3 shows cross sections of the relative differ-
ences in the monthly zonal mean water vapor of SAGE II,
UARS-MLS, and HALOE with respect to their MIM. Note
that the year 1992 is not ideal for comparison due to a
heavier aerosol loading in the stratosphere after the Mount
Pinatubo eruption, which may adversely affect the retrievals
of solar occultation measurements. The interinstrument dif-
ferences derived from this time period may therefore not be
consistent with differences derived for later time periods.
However, it is the only direct comparison we have with the
measurements from the UARS-MLS instrument.

[22] The relative differences from the MIM are relatively
small with values between £2.5% and £5% throughout
most of the MS, US, and LM indicating excellent to very
good agreement between the instruments. HALOE values
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Figure 4. Annual zonal mean cross sections of water vapor for the MIM and the individual instru-
ments averaged over the time period 1998-2008. Note that SMR(2) and MIPAS(1) are not included

in the MIM.

generally lie between the lower UARS-MLS values and the
higher SAGE II values. Indeed, Pumphrey [1999] showed
that the UARS-MLS water vapor data version used here
(called prototype version 0104 at that time) yielded val-
ues uniformly smaller than HALOE (by 0.1 to 0.4 ppmv)
and about 0.6 ppmv smaller than the ATMOS results
obtained from the Space Shuttle, but compared well to the
average of 16 coincident frost point hygrometer profiles.
Note that averaging over all available years of UARS-
MLS (1991-1993) renders the comparison less noisy (not
shown), with UARS-MLS being consistently more negative
than HALOE, except in the Antarctic LS, where HALOE
exhibits a strong low bias compared to both SAGE II
and UARS-MLS.

4.1.3. SAGE II, HALOE, POAM 111, SMR, SAGE III,
MIPAS, SCIAMACHY, ACE-FTS, and Aura-MLS
(1998-2008)

[23] Figures 4 and 5 show the annual zonal mean and rela-
tive difference cross sections, respectively, for climatologies
obtained over the years 1998—2008. Despite the fact that the
climatologies of the individual instruments span different
time periods (as indicated in the figure titles), this approach
has been chosen so that a maximum number of instruments
can be compared, and to limit the influence of reduced

sampling by HALOE and SAGE II in the early 2000s.
The results for the 1998-2008 time period are consistent
with results obtained from single-year evaluations for 2003
or multiyear averages spanning 20062009 (not shown),
providing evidence that trends in water vapor over this
time period have only a minor impact on the comparison.
Note that the evaluation of the 1998-2008 climatologies will
be used as the basis for the summary plots in section 5.

[24] Most of the instruments capture the main features of
the water vapor distribution well, including the downward
sloping isopleths toward higher latitudes, the minima above
the tropical tropopause and within the polar vortex region
in the Southern Hemisphere (SH; which stems from dehy-
dration within the polar vortex during winter and is strong
enough to affect the annual mean), and the maximum in the
water vapor distribution in the lower mesosphere (Figure 4).
However, large differences in the absolute values can be seen
in the tropical UT, where HALOE VMRs are notably smaller
than seen in the MIM, and where SMR(2) VMRs show much
flatter water vapor isopleths than the other instruments.

[25] Figure 5 shows that overall best agreement is found
in the MS. The older set of instruments (HALOE and SAGE
II, with SAGE II however not being fully independent
from HALOE as discussed above), and also SMR(1) above
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Figure 5. Relative difference cross sections with respect to the MIM for each individual instru-
ments’ water vapor distribution shown in Figure 4. Note that SMR(2) and MIPAS(1) are not included

in the MIM.

10 hPa, exhibit much lower values than the newer set
of instruments (MIPAS(1), MIPAS(2), SAGE III, ACE-
FTS, and Aura-MLS) throughout most of the stratosphere
with differences from the MIM of up to —10%. Note that
a validation study by Nedoluha et al. [2007] in the
mesosphere using Water Vapor Millimeter-wave Spectrom-
eter (WVMS) measurements over Mauna Loa also indicates
that HALOE is biased low 10%, while ACE-FTS and
Aura-MLS are within +0.5—-1.5% of each other. On the other
hand, POAM III exhibits rather large positive deviations
from the MIM. In the USLM, SMR(1) shows the largest
negative differences (around —15%) and Aura-MLS the
largest positive differences from the MIM (around +10%).
SMR(1), however, agrees very well with the other instru-
ments between 50 and 10 hPa. MIPAS(2) and MIPAS(1)
report positive deviations compared to the MIM through
most of the stratosphere. Below 100 hPa, SAGE II and
HALOE show deviations from the MIM that are larger than
—20%. In contrast to MIPAS(1), MIPAS(2) shows negative
differences in the LM and positive differences in the UTLS
(except in the tropical UT). The low bias in MIPAS(2) is
explained by a neglect of non-LTE effects in the retrieval of
the data (see Stiller et al. [2012] for full explanation). Aura-
MLS shows a sandwich-like layer of negative deviations
around 200 hPa in between regions of positive deviations;

it is known that the current MLS retrieval scheme tends
to underestimate the low water vapor values near the
hygropause [Read et al., 2007; Viomel et al., 2007]. SMR(2)
exhibits relative differences below 100 hPa of up to +100%,
and above 100 hPa up to —40% in the extratropics and —20%
in the tropics.

4.2. Vertical and Meridional Profile Comparisons

[26] Monthly mean vertical and meridional water vapor
profiles and their relative differences to the MIM are shown
for 1978-1990, 1991-1993, and 1998-2008 in Figures 6
and 7, respectively. In addition to the relative differences,
the SEM for each profile is shown, as an approximate mea-
sure of the random error in each climatology. Results of the
vertical profile comparisons are shown for a SH tropical or
subtropical latitude band and a NH middle to high latitude
region (chosen to maximize the number of available instru-
ments). Results for the meridional profiles are shown for
the 10 and 80 hPa levels (chosen since they reflect typical
regions of scientific interest, i.e., the water vapor entry level
in the tropics).

[27] For the 1978-1990 time period, Figure 6 highlights
again the excellent to very good agreement (within 5-10%)
between LIMS and SAGE II in both the tropics and extra-
tropics above around 70 hPa, with very small SEM values
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Figure 6. Vertical profiles of monthly zonal mean water vapor for three different periods (top to bottom:
1978-1990, 1991-1993, and 1998-2008). (left) Absolute values, (right) relative differences between
the individual instruments and the MIM. The grey shaded area indicates where relative differences
are smaller than £5%. Bars indicate the uncertainties in the relative differences based on the SEM of

each instrument.

for both instruments. Below 70 hPa, the deviations from
the MIM increase substantially with maximum disagreement
in the tropopause region. Similar behavior is seen in the
meridional profiles (see Figure 7), which also reveals that
the deviations from the MIM at 80 hPa are greater in the
tropics than in the extratropics. This may be due to residual
emissions from cloud tops in the tropics, since this version
of LIMS water vapor data has not been thoroughly screened
for clouds.

[28] For the 1991-1993 time period, the vertical and
meridional profiles emphasize the very good to excellent
agreement between UARS-MLS, SAGE II, and HALOE.
In comparison with the cross-section evaluation for 1992
(section 4.1.2), the profile evaluation based on the longer
time period 1991-1993 now show that, as a result of aver-
aging over a longer time period, UARS-MLS is consistently
lower than HALOE (and SAGE 11, in regions where HALOE
and SAGE II do not agree), with small SEM values indi-
cating a significant difference in the climatologies of these
instruments. SAGE 11, on the other hand, shows a some-
what less defined (or noisier) climatological profile (with
larger SEM values). As expected from the adjustment of
the SAGE II retrieval channel to yield a better match with

11

HALOE, HALOE, and SAGE II agree within their uncer-
tainties throughout most of the LS and MS, at least at higher
latitudes. However, the instruments disagree in the tropics.
Also, in the region below 100 hPa in both the tropics and
extratropics, their deviations from each other increase sub-
stantially. This result indicates that SAGE II has the potential
to add information to the HALOE measurements.

[29] For the 1998-2008 period, the monthly comparisons
generally confirm the findings of the annual zonal mean
cross-section evaluations, but they indicate somewhat larger
interinstrument differences. Most instruments agree well
within 5% between 100 and 10 hPa, with increasing dif-
ferences above and below. Exceptions are SAGE II, which
shows much lower values in the LS and MS, and POAM 111,
which shows much higher values than the other instruments
(up to +20% from the MIM). SMR(1) is also on the low side
of the other climatologies. At 80 hPa (Figure 7), the spread
in the climatologies increases strongly to +20% in the trop-
ics, with somewhat smaller discrepancies in the extratropics.
SMR(2), SAGE II and to a somewhat lesser extent HALOE
are all on the low side of the MIM. SCIAMACHY shows a
large positive deviation from the MIM of up to 40% in the
tropical region during May, but agrees well with the other
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Figure 7. Meridional profiles of monthly mean water vapor for three different time periods (left to
right: 1978-1990, 1991-1993, and 1998-2008) are shown at (top) 10 and (bottom) 80 hPa. For each
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Figure 9. Same as Figure 8, but for (from left to right) 100, 150, and 250 hPa for the extratropics
(top two rows) between 40°S and 60°S and (bottom two rows) between 50°N to 70°N.

instruments in the extratropics. MIPAS(1), MIPAS(2), ACE-
FTS, and Aura-MLS agree within 15%. The SEM values
are generally much smaller for the limb emission than the
solar occultation sounders and are larger in the UTLS than
in the MS. The relative differences between the individual
instruments in the UTLS are therefore less well-defined.

4.3. Seasonal Cycles

[30] Water vapor exhibits strong seasonal cycles in both
the tropical and extratropical UTLS due to its depen-
dence on transport and Lagrangian cold-point temperatures
[Fueglistaler et al., 2009; Hoor et al., 2010]. Most attention
has focused on the tropics between 80 and 100 hPa, where
the stratospheric entry value of water vapor is slaved to
the seasonally changing cold-point temperatures [e.g., Mote
et al., 1996; Fueglistaler and Haynes, 2005; Fujiwara et al.,
2010]. However, the seasonal cycle is also of interest in the
extratropics (especially at levels lower than 100 hPa) where
it reflects the impact of stratosphere-troposphere exchange,

and hence allows for the evaluation of transport processes in
chemistry-climate models [Hegglin et al., 2010].

[31] Figure 8 shows the seasonal cycles in water vapor
and corresponding Taylor diagrams at 70, 100, and 170 hPa
in the tropical lower stratosphere averaged over the years
1998-2008 for all available instruments. Following the
known seasonal cycle in the cold-point tropopause tem-
perature, water vapor mixing ratios show a minimum in
NH spring and a maximum in NH autumn. Best agreement
with the MIM in terms of absolute mean values is found
at 70 hPa (with a 1o interinstrument spread of 12%). The
interinstrument spread increases to 22.5% at 100 hPa and
30% at 170 hPa. SCIAMACHY shows the highest mean val-
ues at all levels, with largest differences at 100 hPa. This is
partially explained by the fact that the native retrieval lev-
els of SCIAMACHY lie relatively far above and below 100
hPa (at 70 and 130 hPa), which leads to smearing of the real
values across the region of strong gradients in water vapor at
the tropopause. HALOE and SAGE II are both much lower
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Figure 10. Time series of deseasonalized water vapor anomalies at (left) 10 and 70 hPa in the tropics
(20°S—20°N) and at (right) 10 and 80 hPa in the extratropics (60°N—70°N) between 1997 and 2010.

than the MIM. The few tropical monthly mean data points
produced by ACE-FTS are distributed such that the ampli-
tude and phase of the fitted seasonal cycle agree well with
other instruments.

[32] We find best agreement between the monthly mean
values of ACE-FTS, Aura-MLS, MIPAS(1), and MIPAS(2)
at 70 hPa, with SMR(2) joining this group at 100 hPa.
However, Taylor diagrams reveal better agreement between
the instruments’ seasonal cycle in terms of correlation
and amplitude at 100 hPa. MIPAS(1) and MIPAS(2), well
correlated with the MIM at these two levels, however,
show amplitudes that are (about half) too low compared
to the MIM. These low amplitudes are explained by state-
dependent averaging kernels, causing MIPAS to resolve
atmospheric structures better in a more humid atmosphere,
which leads to a reduced amplitude of the seasonal cycle.
Application of the seasonally varying averaging kernels
from MIPAS to the other instruments (using the same
principle as when validating satellite observations against
ozonesonde data) would hence improve the results for
these comparisons. At 170 hPa, the SAGE II, HALOE
and MIPAS(2) data agree best in phase (correlation of
0.8) and amplitude as can be seen in the corresponding
Taylor diagram. However, MIPAS(1) and Aura-MLS show
much too small and SCIAMACHY and ACE-FTS much too
high amplitudes. Moreover, Aura-MLS does not capture the
phase correctly.

[33] Seasonal cycles in water vapor for the Southern and
Northern Hemisphere (NH) middle to high latitudes at dif-
ferent pressure levels (100, 150, and 250 hPa) are displayed
in Figure 9. The maximum in the seasonal cycle at 100
hPa in these regions is expected to be slaved to the tropics
with a few months delay. However, at lower altitudes, the
maximum is shifted to summer, since a higher tropopause

during the minima in the seasonal downwelling of the
Brewer-Dobson circulation allows for more tropospheric in-
mixing. We find that the mean values of the seasonal cycle
in both hemispheres are better constrained at 100 and at
150 hPa (with a lo-spread of 15-20%) than at 250 hPa
where the spread increases to 25-50% during summer peak
values. In the SH, the climatologies are less consistent
between instruments at the 100 and 150 hPa levels, possibly
due to the fact that the seasonality here is strongly influenced
by in-mixing of dehydrated polar air masses following the
winter months. SAGE III here is an outlier showing too large
amplitudes at 150 and 250 hPa. In the NH, the instruments
perform best at 150 hPa with the exception of SAGE III and
Aura-MLS. This is readily seen in the Taylor diagram, where
these two instruments exhibit a skill factor of 0.7 only, while
all the other instruments exhibit skill factors of higher than
0.9. Aura-MLS shows a phase shift in the seasonal cycle
at 150 hPa, while it performs well in both amplitude and
phase at 100 and 250 hPa. SAGE II, while showing excellent
agreement with the MIM at 100 and 150 hPa, is an outlier
at 250 hPa with a maximum that peaks too late. MIPAS(2)
shows the most robust results performing very well at all alti-
tudes and in both hemispheres. HALOE is on the low side of
the MIM and its data should not be used at 250 hPa.

[34] The difficulties of representing the annual cycle in
water vapor at different levels in the UTLS are related to
the strong vertical gradients in water vapor found across
the tropopause and the narrow vertical region over which
the annual cycle extends. Both factors require high verti-
cal resolution measurements and/or high vertical sampling
to be adequately resolved. Also, instrumental limitations
result from cloud interference and high extinction exist in
this altitude region. As a consequence, it is generally found
that instruments with either less frequent sampling or low
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The tape recorder (altitude-time evolution) of water vapor averaged over 15°S—15°N for the

time period 2000—2010 is shown for the MIM (topmost left panel) and the different instruments. Note,
the very limited ACE-FTS data in the tropics were interpolated in time and altitude with white hatching

indicating regions that do not contain data.

vertical resolution show less robust results in the differ-
ent regions. UTLS-specific evaluations using tropopause
coordinates or equivalent latitude may help to improve the
comparisons in the future.

4.4. Interannual Variability

[35] In addition to the pronounced seasonal cycle, water
vapor is characterized by nonseasonal variations related to
ENSO (the El Nino Southern Oscillation) and the QBO [e.g.,
Niwano et al., 2003; Randel et al., 2004], and to a smaller
extent by interannual variability in tropical convection or
polar vortex temperatures. Long-term water vapor variabil-
ity involves changes in methane (the stratospheric source gas
for water vapor) and decadal scale climate variability. The
evaluation of interannual variability using deseasonalized

anomalies yields insight into whether an instrument can pro-
duce physically consistent time series in comparison to other
data sets. While the longer-term evolution of the anomalies
is indicative of the long-term stability of the instruments,
some monthly differences are likely to be introduced by
noise or sampling issues.

[36] Figure 10 shows time series of deseasonalized water
vapor anomalies at 10 and 70 hPa in the tropics, and at
10 and 80 hPa in the NH extratropics between 1997 and
2010. The evaluation starts in 1997 in order to avoid the
years affected by the 1991 Mt. Pinatubo eruption. The dif-
ferent instruments show very good agreement with generally
consistent long-term tendencies, and with the QBO leav-
ing the most pronounced signature in the anomalies. Note
that while the QBO is a tropical phenomenon, it has also a
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Figure 12. Shown are the differences between each individual instrument’s tape recorder and the MIM
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labeled) reproduce the MIM. Note, the very limited ACE-FTS data in the tropics were interpolated in
time and altitude with white hatching indicating regions that do not contain data.

distinct influence on extratropical water vapor, although with
an attenuated signal at 80 hPa due to mixing processes, and a
delay compared to the tropical signal related to stratospheric
transport time scales. It is noteworthy that the instruments
also agree on the breakdown of the QBO signal on the trop-
ical 10 and 70 hPa and the extratropical 80 hPa levels in the
early 2000s and after 2008.

[37] In the tropics at 10 hPa, HALOE and SAGE II show
somewhat larger intra-annual and interannual variations than
SMR(1), MIPAS(1), MIPAS(2), Aura-MLS, which is possi-
bly related to the limited sampling patterns of the occultation
instruments. ACE-FTS on the other hand, despite limited
tropical sampling, agrees well with the rest of the instru-
ments. At 70 hPa, interannual variability and also month-to-
month fluctuations are stronger than at 10 hPa. The spread
in the instruments is larger, with SMR(2) showing spike-like
structures after 2006, which are not seen in the other instru-
ments. MIPAS(2) shows a somewhat smaller amplitude in
its interannual variations than the other instruments.

[38] In the extratropics at 10 hPa, all instruments (now
including POAM III and SAGE III, which did not measure
in the tropics) seem to follow month-to-month fluctuations

extremely well. SAGE III starts slightly at too positive
anomalies or ends at too negative anomalies indicating a
potential sampling issue in the instrument, which needs fur-
ther investigation. SMR(1) exhibits a spike at the end of
2010 that is not seen in the other instruments. At 80 hPa,
POAM III agrees well with HALOE and SAGE II in the
early years, however, it shows somewhat larger negative
fluctuations in the monthly anomalies between 2003 and
2005 compared to the other instruments. SAGE III again
shows a potential drift, which seems somewhat stronger than
at 10 hPa. SMR(2) is very noisy at this level. ACE-FTS,
Aura-MLS, and MIPAS(2) show the best agreement.

4.5. Tropical Tape Recorder

[39] The atmospheric tape recorder [Mote et al., 1996]
is one of the most pronounced spatiotemporal patterns in
equatorial water vapor, showing the slow upward prop-
agation of a minimum in water vapor from the tropical
tropopause region up to altitudes of around 30 km. The sig-
nal is produced by seasonal variations in tropical tropopause
temperatures, which determine the water vapor saturation
mixing ratios in air masses entering the tropical stratosphere.
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Figure 13. The altitude-time evolution of Antarctic polar vortex descent and dehydration between 2002
and 2010 is shown for (topmost left panel) the MIM and the different instruments using water vapor
averaged over 60°S to 90°S. Note that SMR(2) is not included in the MIM.

A realistic characterization of the tape recorder is a key
aspect of the physical consistency of the different data sets,
provided that the sampling is adequate. No tape recorder
could be produced for SAGE III and POAM 111, which have
no tropical coverage.

[40] Figures 11 and 12 show the tape recorder of the
MIM and of each individual instrument and the relative
differences to the MIM for each instrument, respectively.
In general, the instruments reproduce the main features of
the tape recorder well, with a strong minimum in water
vapor values during NH winter, which slowly propagates
upward over time. Note in this evaluation that MIPAS(1)

and MIPAS(2) are shown in the same panel, since they cover
different time periods. ACE-FTS has only limited temporal
coverage in the tropics and hence interpolated data in time
and altitude are shown. Despite this limitation, the interpo-
lated ACE-FTS data show, a realistic tape recorder, and the
relative differences to the MIM seem within the range of
the other instrument differences. Although a tape recorder
is also visible for SCTAMACHY, the water vapor mini-
mum just above the tropical tropopause is much weaker,
and the higher mixing ratios reach further into the strato-
sphere as seen for the MIM. As discussed earlier, this is due
to the coarse sampling of SCIAMACHY in the tropopause
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reproduce the MIM.

region that leads to strong smearing of the values across the
tropopause. SMR(2) shows much lower values throughout
the LS than the other instruments.

[41] The evaluation of the differences between the clima-
tologies and the MIM (Figure 12) reveals that for the period
2000-2005, SAGE 11 and HALOE agree well, with differ-
ences that have a rather noisy structure, implying that the
two instruments have no systematic biases and that the tape
recorder signal they reproduce is physically consistent. Both
instruments, however, measure lower values than the newer
generation of instruments (SMR(1) and MIPAS(1)) that con-
tribute to the MIM at the beginning of 2002. Since SMR(1)
yields the most negative deviations from the MIM after

2004 when more instruments come online, it follows that
HALOE (and SAGE II for this matter) would likely be on
the low side of these as well. In the later period, MIPAS(2),
SCIAMACHY, and Aura-MLS exhibit structures in the LS
that resemble the tape recorder itself, implying a systematic
difference, which may be due to the effects of different verti-
cal resolutions (see Table 2). Resolution issues would affect
the derived amplitude of the tape recorder, which is often
used as a diagnostic in model-measurement comparisons. In
addition, MIPAS(2) and Aura-MLS have higher values in
the MS when compared to ACE-FTS and SMR(1). SMR(2)
shows negative deviations of >20% from the MIM in the
50-100 hPa range. However, the noise in the relative
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deviations indicates that it captures the seasonal cycle rea-
sonably well compared to the other instruments.

[42] A tape recorder has also been derived for the LIMS
instrument (not shown; cf. (SPARC Data Initiative, SPARC
report on the evaluation of trace gas and aerosol climatolo-
gies from satellite limb sounders, Editors: M. I Hegglin and
S. Tegtmeier, in preparation, 2013)). While the tape recorder
shows a distinct minimum in water vapor above the tropi-
cal tropopause, the signal does not seem to propagate into
the middle stratosphere. Note that the data are very limited
in time (only 5 months of LIMS data are available). A tape
recorder has also been found for UARS-MLS in the LS and
MS as demonstrated before by Pumphrey [1999].

4.6. Polar Vortex Dehydration

[43] Another spatiotemporal pattern that is seen in water
vapor is the descent of aged and water vapor-enriched air
masses and subsequent dehydration through ice nucleation
and sedimentation in the polar vortex of the SH. Since this
phenomenon happens predominantly in winter/early spring,
occultation instruments will not capture its full extent. How-
ever, for satellite instruments that are measuring in dark-
ness, the evaluation provides a stringent test of whether the
retrieval in this region is hampered by the presence of ice
particles (although this is not a problem for instruments that
measure in the microwave/sub-mm range, see Table 1). The
time period 2002-2010 has been chosen, since it encom-
passes most of the satellite instruments used in this study
and allows for the evaluation of interannual variability in
this region.

[44] Figures 13 and 14 show polar vortex dehydration
as seen in the MIM and for each instrument, and each
instrument’s relative differences to the MIM, respectively,
between 2002 and 2010. The most comprehensive results
are obtained from Aura-MLS and MIPAS, two emission
sounders, which are able to measure water vapor during
polar night. Note that in this evaluation, MIPAS(1) and
MIPAS(2) are again shown in the same panel. Many of the
solar occultation results exhibit the correct physical struc-
ture, however, their less frequent sampling limits the overall
picture. SAGE II and HALOE measurements are lower than
the MIM throughout the UTLS and MS, while ACE-FTS
shows positive deviations from the MIM in the UT and
somewhat lower values in the regions of dehydration. Note
that POAM III exhibits a more uniform temporal sampling
of the polar region than other solar occultation instruments.
Nevertheless, POAM 1II shows larger positive deviations
from the MIM than SAGE II and HALOE, which is possi-
bly due to POAM III sampling mostly the outside portion
of the polar vortex. SMR(2) shows much lower values
than the other instruments and very prominent dehydration
structures that extend into the January—April period. SCIA-
MACHY shows consistent features, but underestimates the
strength of dehydration with respect to the MIM. This is
most probably due to the fact that only measurements at
SZAs smaller than 85° were used to construct the SCIA-
MACHY water vapor climatologies, limiting its sampling
to the outer parts of the polar vortex. Aura-MLS shows the
largest dehydration within the polar vortex, and relatively
strong negative deviations from the MIM around 200 hPa,
but agrees well with POAM III at these levels. SMR(1)
(not shown) performs well at higher altitudes, although

it exhibits slightly lower mixing ratios than MIPAS and
Aura-MLS.

5. Summary and Conclusions

[45] The SPARC Data Initiative has performed a compre-
hensive comparison of 13 available water vapor products
from 11 different available limb-viewing satellite instru-
ments (LIMS, SAGE II, UARS-MLS, HALOE, POAM 111,
SMR, SAGE III, MIPAS, SCIAMACHY, ACE-FTS, and
Aura-MLS) between 1978-2010. Note that there are more
water vapor measurements available (e.g., those from SAMS
[Taylor et al., 1987], ISAMS [Taylor et al., 1993], CLAES
[Roche et al., 1993], or ATMOS [Gunson et al., 1996]), but
they could not be included in our evaluations due to a lack of
resources needed to generate the zonal monthly mean clima-
tologies. The instrument comparisons were based on a cli-
matological approach using monthly zonal mean time series
rather than the classical validation method using coinci-
dent profile measurements. Diagnostics include single-year
or multiyear, monthly or annual zonal mean cross sections,
interannual variability, seasonal cycles, and time evolution
of specific physical features in water vapor such as the
tropical tape recorder or polar vortex dehydration. The fol-
lowing results on the atmospheric mean state, performance
by region, and performance of individual instruments have
been found as summarized in Figures 15 and 16.

5.1. Atmospheric Mean State

[46] Our knowledge of the atmospheric mean state in
water vapor derived from the full set of instruments available
between 1998 and 2008 (excluding SMR(2) and MIPAS(1)
in order not to “double-count” instruments) is best in the
lower and middle stratosphere of the tropics and midlat-
itudes, with a relative uncertainty of + 2-6% (lo) with
respect to the MIM as can be seen in Figure 15. This uncer-
tainty in water vapor increases toward the polar latitudes
(£10% and £15% for NH and SH, respectively), the lower
mesosphere (£ 15%) and the troposphere (£ 30—50%). Note
that the uncertainty in water vapor is largest in the subtrop-
ical jet region (30-50°N/S), which may be partly due to the
large dynamical variability observed in tropopause height,
which affects the climatologies due to sampling issues. The
minimum in the multiannual zonal mean of water vapor
found just above the tropical tropopause shows values rang-
ing from approximately 2.5 to 4.5 ppmv when including all
instruments, with a mean of 3.5 + 0.5 ppmv (or +14%, lo
uncertainty). The 1o uncertainty is somewhat larger (15—
20%) when looking at individual months (see seasonal cycle
evaluation Figures 8 and 9). The maximum found in the
annual zonal mean of water vapor in the LM shows an abso-
lute range of approximately 5.5-7.5 ppmv, with a mean of
6.5 £0.7 ppmv (or 9%, 1o uncertainty).

5.2. Performance by Region

[47] The following results are illustrated in Figure 16.

[48] Lower Mesosphere (0.1-1 hPa): In the tropical and
extratropical LM, the instruments agree well, within approx-
imately £10% of the MIM (corresponding to interinstru-
ment differences of up to 20%). The more recent instruments
(ACE-FTS, Aura-MLS, and MIPAS(1) and (2)) even show
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Figure 15. Summary of the water vapor annual zonal mean state for 1998-2008. Shown are the annual
zonal mean cross sections of the (top row) MIM, minimum (MIN), and maximum (MAX) water vapor
values, the (middle row) absolute differences (MAX-MIN) and absolute standard deviations, and (bottom
row) relative differences and relative standard deviations with respect to the MIM. Black contour lines in
Figure 15, bottom repeats the MIM distribution. Instruments included in the MIM are SAGE II, SAGE
III, HALOE, POAM III, ACE-FTS, Aura-MLS, MIPAS(2), SAGE III, SMR(1), and SCIAMACHY. Note
that SMR(2) and MIPAS(1) are not included in order not to bias the results toward one of the instruments.

excellent agreement of within 5% of each other. A clear
exception to this is SMR(1), which shows deviations from
the MIM of up to —18%. Together with HALOE and UARS-
MLS, SMR(1) is on the low side of the MIM. Earlier
results from validation studies using coincident measure-
ments from other independent instruments support these
findings: UARS-MLS was found to have a low bias of 5%
when compared to the ATMOS instrument (and HALOE)
[Pumphrey, 1999]. Note that the spatial variability of the
deviations within one region is relatively small for most
instruments, indicated by small MADs (around =+3%).
POAM III shows a larger range, indicated by a larger
MAD (£6%).

[49] Upper Stratosphere (1-5 hPa): In the tropical and
extratropical US, the instruments show good agreement,
within +10% of the MIM, and very small MADs (£1.5%)
for most instruments indicating a narrow distribution of

deviations from the MIM within these regions. This means
that while individual instruments may disagree with each
other, their differences are well characterized. Most instru-
ments agree even very well, within +5%. Exceptions in the
tropical region are UARS-MLS and SMR(1), which show
larger negative deviations, and MIPAS (2), which shows a
larger positive deviation from the MIM than the other instru-
ments. Exceptions in the extratropical regions are LIMS,
SMR(1), and UARS-MLS. POAM III data in the extratrop-
ics show the highest values, although close to those from
MIPAS (1) and MIPAS (2).

[s0] Middle Stratosphere (5-30 hPa): In both the trop-
ical and extratropical MS, most instruments agree very
well to within £5% of the MIM. Notable is the excellent
agreement (within £2.5%) between ACE-FTS, Aura-MLS,
HALOE, LIMS, MIPAS (1), and MIPAS(2) in the extrat-
ropics. Small MADs (mostly 3 to £4%) indicate small
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Figure 16. Interinstrument differences in water vapor calculated for the tropics (left) (20°S—-20°N) and
(right) extratropics (40°S—80°S and 40°N—80°N) and for five different altitude regions from the UT up
to the LM. Shown are the median (squares), median absolute deviations (MAD, thick lines), and the
mean 1o ranges (thin lines) of the relative differences between each individual instrument and the
MIM calculated over a given latitude and altitude region. The reference period is 1998-2008 and based
on the results of section 4.1.3. Triangles indicate medians of instruments that are obtained outside of the
reference period: LIMS and UARS-MLS are shown with respect to the instrument means of SAGE II and
HALOE based on comparisons for 1978—1990 and 1991-1993, respectively.

variability in the deviations and hence that the instrument
differences are well characterized. Exceptions in the trop-
ics are UARS-MLS, LIMS, and SMR(1), in the extratropics
UARS-MLS, SCIAMACHY, and POAM III.

[51] Lower Stratosphere (30-100 hPa): In the tropical
LS, the instruments show only reasonably good agree-
ment, mostly within +20% of the MIM. The agreement is
much better in the extratropical LS with deviations of only
+5% of the MIM. Exceptions are LIMS, POAM III, and
UARS-MLS with deviations of £10% of the MIM, and
SMR(2) with a deviation of —22% from the MIM. Very good
agreement is found for the ACE-FTS, Aura-MLS, HALOE,
MIPAS(1), MIPAS(2), SAGE 11, SAGE III, SCTAMACHY,
and SMR(1). The MADs indicate better defined deviations
in the extratropics than in the tropics.

[52] Upper Troposphere/Lower Stratosphere (100-—
300 hPa): Considerable disagreement between the instru-
ments is found for the lowest levels between 100 and 300

hPa of both the tropical and extratropical UTLS, with max-
imum differences from the MIM of +£40% and £30%,
respectively. Nevertheless, very good agreement (within
+5% of the MIM) is found for Aura-MLS, MIPAS(1),
MIPAS(2), POAM 111, and SAGE III in the extratropics.
Large MADs (£10% or more) indicate spatial inhomogene-
ity of the deviations in the two regions and hence poorly
defined measurement behavior. Note SMR(2) shows devia-
tions from the MIM of more than +50% in this region and
hence is off the scale. The poor agreement in the UTLS
may partly be explained by sampling issues and partly
by the difficulties the instruments encounter in measuring
accurately in the UTLS. Large dynamical variability and
steep tracer gradients across the tropopause limit especially
instruments with low temporal (occultation sounders) or
vertical resolution (emission sounders). Also, cloud inter-
ference and saturation of the measured radiances pose
retrieval challenges.
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5.3. Instrument-Specific Conclusions

[s3] LIMS (V6.0) provides the earliest water vapor obser-
vations available to the SPARC Data Initiative. The LIMS
record extends over only a few months. Using SAGE II as
a transfer, LIMS shows very good agreement (£5% of the
MIM) in the MS and the tropical US. However, it shows
large negative deviation from the MIM of around —12% in
the extratropical US, and large positive deviations from the
MIM of +15% in the LS and +30 to +40% in the UTLS
(between 100 and 300 hPa), respectively.

[s4] SAGE II (V6.2) provides the longest water vapor
record; however, users should be cautious about using SAGE
IT water vapor data for trend studies because of a shift in its
retrieval channel [Thomason et al., 2004]. The exact nature
of the shift and when it happened could not be established
and there is no indication from our results that the shift
is affecting the long-term stability of the instrument. For
the V6.2 retrievals, the retrieval channel has been switched
from 935 to 945 nm, as this led to a better match with
HALOE mean values. Similarities between SAGE 1II and
HALOE mean biases versus other data sets or versus the
MIM can be understood in terms of this adjustment of SAGE
II to HALOE data. However, while the two data sets do
not have independent mean values because of the SAGE
IT adjustments related to this channel drift issue, the time-
dependent changes between the two data sets can be viewed
as being independent. Also, our evaluations have shown that
SAGE II and HALOE exhibit somewhat different altitudi-
nal and latitudinal structures, providing evidence that SAGE
IT observations have the potential to add information on
atmospheric water vapor distributions. SAGE 1II is seen to
perform very well in interannual variability evaluations for
which its use should not be restricted. Note that SAGE 11
exhibits a strong (however known) bias above about 3 hPa
due to which the data above this level are not provided in the
SPARC Data Initiative monthly zonal mean climatologies.

[s5] HALOE (V19) is the hitherto most used water vapor
data set. Our evaluations indicate that HALOE’s water vapor
has a slight low bias throughout the atmosphere. Deviations
from the MIM are found to be around —5% through most of
the stratosphere and LM consistent with results from SPARC
WAVAS [2000]. HALOE’s low bias is strongest in the UTLS
(between 100 and 300 hPa) to values lower than —20%, and
the instrument fails to reproduce the seasonal cycles at 200
hPa and below in both the tropics and extratropics. How-
ever, note that aside from the low bias, HALOE resolves
the amplitude and phase of the seasonal cycle and also the
magnitude of interannual variability well at all SPARC Data
Initiative levels between 100 and 170 hPa.

[s6] UARS-MLS (V6) offers water vapor measurements
over a limited time period in the early 1990s. The measure-
ments are seen to be about 5% lower than HALOE through
most of the atmosphere, a result confirmed by validation
with in situ measurements.

[57] SAGE III (V4.0) is limited to the extratropics; how-
ever, it shows excellent agreement with the MIM throughout
the atmosphere and even in the UTLS (between 100 and
300 hPa). While its limited availability restricts its use
to a small number of evaluations, its data record may be
considered as a transfer for merging activities.

[58] POAM III (V4.0) is another instrument with some-
what limited temporal and spatial coverage. The biases

derived in our evaluations are consistent with earlier
validation studies. POAM III is biased high throughout
the stratosphere with somewhat larger deviations from the
MIM in the SH (>20%) than in the NH (>10%). However,
it performs very well (within 5% from the MIM) at the
lowest levels (100-300 hPa). Despite the positive biases,
the instrument performs well in evaluations of interannual
variability and compares well to SAGE 1I and HALOE,
making it a potentially useful instrument to study climate
variability or to merge HALOE and SAGE II with the
newer instruments.

[59] The SMR(2) (V2.0) water vapor product (derived
using the 544 GHz-band) does not exhibit a correct
tropopause-following structure of the tracer isopleths and
the values are too high below and too low above 100 hPa,
respectively. Nevertheless, once its time-averaged bias is
removed, SMR(2) exhibits a reasonably accurate quantifi-
cation of the strength of the interannual variability in the
tropics and also shows an amplitude and phase of the tropi-
cal seasonal cycle that agree well with the MIM. However,
the data are less consistent in the extratropics. The data prod-
uct needs further improvement and the recommendation is
to restrict its use to between 100 and 50 hPa in the trop-
ics. SMR(1) (V2.1) provides reasonably good data in the MS
(also showing physically consistent interannual variability),
while strong negative deviations from the other instruments
are found in the USLM. This issue is known and has been
related to an imperfect sideband correction of the 488.9 GHz
water vapor band.

[e0] MIPAS(1) (V3o _H20 _13) and also MIPAS(2)
(V5r_H20 220) compare very well to the MIM with devi-
ations from the MIM mostly within +5% throughout the
atmosphere. An exception is the tropical UTLS (100—
300 hPa), where deviations for MIPAS(1) and MIPAS(2)
increase to —25% and —10%, respectively. The seasonal cycle
and interannual variability in the tropical tropopause region
exhibit a too low amplitude, which can be explained by
a state-dependent averaging kernel. The two data versions
agree with each other mostly within a few percent. Excep-
tions are the UTLS (100-300 hPa), and the tropical LS and
US, where MIPAS(1) is about 10% lower than MIPAS(2).

[61] Aura-MLS (V3.3) shows very good to excellent
agreement with the MIM throughout most of the atmo-
sphere (with deviations from the MIM between +2.5 and
+5%). Exceptions are found in the LM, where the devia-
tions increase to +10%. Good spatial and temporal coverage
(also long-term) allow generally a robust assessment of the
Aura-MLS deviations from the MIM, which makes the data
exceptionally useful for data merging. However, these mea-
surements tend to be low at high latitudes in the lowermost
stratosphere (around 200 hPa).

[62] ACE-FTS (V2.2) performs exceptionally well com-
pared to the MIM in the tropical and extratropical MS and
US, the extratropical LS, and to a somewhat lesser extent
tropical LS and the LM, despite its disadvantage of being
an occultation sounder with small temporal and spatial sam-
pling. The deviations from the MIM are mostly consistent
with validation results using coincident measurements. In
the UTLS, between 100 and 300 hPa, the deviations from
the MIM increase to +10% in the extratropics and +35% in
the tropics, respectively, some of which is likely attributable
to limited sampling.
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[63] SCIAMACHY (V3.0) water vapor (a relatively new
retrieval product) provides promising results; however, it
suffers from a relatively coarse vertical resolution in the
UTLS, which leads to smearing of the strong gradients
found across the tropopause when interpolating the data
onto the SPARC Data Initiative pressure grid. In this region,
the smearing affects mainly the water vapor mean values
of SCIAMACHY, while comparison to the other instru-
ments indicate that it does not compromise evaluations
of interannual variability or amplitudes in water vapor
seasonal cycles.

[64] More generally, our evaluations have shown that
most sensors exhibit very good agreement in the magnitude
and structure in interannual variability, after the instruments’
biases are removed. The instruments therefore fulfill one
of the most important and necessary requirements to be
of use for climate variability studies and merging activi-
ties, although more investigations will be needed in order
to confirm the long-term stability of the data sets, an issue
raised in a study by Fueglistaler et al. [2013] using a sub-
set of the data sets discussed here. When different data sets
are merged for trend studies, the instruments’ strength and
weaknesses as detailed in sections 5.1-5.3 should be taken
into account, especially with respect to their performance
in different atmospheric regions. An instrument perform-
ing badly in the tropical lower stratosphere may show
excellent behavior in the mesosphere, or vice versa. The
results also indicate that the combined water vapor data sets
show great potential for improving past model-measurement
comparisons after accounting for the derived uncertainties.
However, careful choices have to be made when choos-
ing instruments to be included in a metric depending on
the region of the atmosphere. A region where the require-
ment of well-defined biases is not met by most instruments
for example is the UTLS (100-300 hPa), emphasizing the
need for limb sounders with higher quality (or consis-
tency) and vertical resolution measurements that reach into
this region.
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