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[1] We compare matched retrievals of upper tropospheric water vapor (UTWV) mixing
ratios from the Microwave Limb Sounder (MLS) instrument on the Aura satellite, and the
Atmospheric Infrared Sounder (AIRS) instrument on the Aqua satellite. Because each
instrument’s sampling is affected by tropical conditions, about half of mutually observed
scenes in the tropics yield simultaneous successful retrievals from both systems. The
fraction of mutually retrieved scenes drops to 30% at higher latitudes where clouds
significantly inhibit AIRS sounding. Essentially all scenes observed by MLS in
extratropical and polar regions yield successful retrievals. At 250 hPa in the tropics,
measurements from the two instruments are highly correlated, the differences of their
means ( �Dq) are smaller than 10%, and the standard deviations of their differences (sq) are
30% or less. At 300 hPa, MLS means are drier by 10–15%, and sq is 40–60%, indicating
that responses of MLS and AIRS to UTWV perturbations are not one-to-one. Root
mean square agreement is also poorer over the poles at 300 hPa and at 200 and 150 hPa at
lower latitudes. In these regions, j �Dqj = 10% or more, and sq = 40–70%. Correlations
between the two data sets are 0.7–0.9 at 300 and 250 hPa globally and at 200 hPa in the
tropics. This high correlation indicates that sq of 50% or greater comes mainly from
systematic differences in sensitivity of the two instruments, especially for small and large
UTWV amounts; larger values of sq are generally not due to large random errors from
either instrument. An AIRS low-end sensitivity threshold of 15–20 ppmv leads to poorer
agreement under the driest conditions. Disagreement at 300 hPa likely comes from
overestimation by MLS for the wettest conditions of >400 ppmv. While MLS is biased
slightly dry overall at 300 hPa, it is biased wet in the wettest regions, particularly those
associated with deep convection. These sensitivity differences explain nonunity slopes
of linear fits to the two data sets. MLS everywhere has a greater dynamic range than
AIRS, with larger maxima and smaller minima. Good agreement at 250 hPa suggests
AIRS uncertainties of 25% up to the reported 250–200 hPa layer in the tropics and
extratropics, consistent with previous comparisons with balloon- and aircraft-borne
instruments. The agreement at 250 hPa also indicates that MLS is reliable from its reported
215-hPa level upward in altitude.
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1. Introduction

[2] Improved global observations of upper tropospheric
water vapor (UTWV) are critical in answering several
unresolved climate questions. UTWV is particularly impor-
tant in climate feedback mechanisms, either directly through

radiative effects, or indirectly through cloud formation
processes. The size of these feedbacks is still in question
[Held and Soden, 2000; Stephens, 2005; Bony et al., 2006;
Soden and Held, 2006]. UTWV is significant in determining
the atmospheric radiative balance, especially in partially
cloudy and cloud-free scenes [L’Ecuyer and Stephens,
2003; Lin et al., 2006]. The relationship between UTWV
and cloud formation processes is an active area of research
[Jensen et al., 2000; Eguchi and Shiotani, 2004; Liu, 2007;
Peter et al., 2006]. Any possible indirect effects of aerosol
on radiative and precipitative properties of cirrus clouds are
mediated by UTWV [Kärcher and Lohmann, 2003; Jensen
and Ackerman, 2006; Massie et al., 2007]. Also, UTWV
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and upper tropospheric temperature are important factors in
stratospheric hydration mechanisms [Holton et al., 1995;
Sherwood and Dessler, 2001; Holton and Gettelman, 2001;
Liu et al., 2007].
[3] We compare height-resolved water vapor mixing

ratios from two independent satellite observing systems at
pressures from 300 to 150 hPa. The Atmospheric Infrared
Sounder (AIRS) experiment, in operation since September
2002 on the Aqua spacecraft, utilizes a combination of
infrared and microwave radiances observed near nadir to
retrieve mixing ratios from the surface to the upper tropo-
sphere [Aumann et al., 2003]. The Earth Observing System
Microwave Limb Sounder (EOS MLS; hereafter referred to
as MLS), operating since July 2004 on the Aura spacecraft,
observes microwave emissions from the limb. MLS radi-
ances are inverted to profiles of mixing ratio from 316 hPa
into the mesosphere [Waters et al., 2006]. Both MLS and
AIRS retrieve temperature, minor gases, and cloud proper-
ties along with water vapor mixing ratios. Although MLS
and AIRS are carried on separate satellites, they fly in close
formation in the NASA A-Train satellite constellation, so
the two systems’ observations are co-located and separated
in time by about 8 minutes [Stephens et al., 2002]. Because
MLS and AIRS use fundamentally different observing
methods that are sensitive to different atmospheric condi-
tions, a combination of observations from both instruments
offers the potential of a more complete UTWV climatology
than either instrument can provide individually. However,
the two sets of observations must first be compared to
characterize their relative uncertainties, and must be recon-
ciled with correlative observations, typically from radio-
sondes and aircraft.
[4] AIRS and MLS comparisons shown here are limited

to those mutually observed upper tropospheric scenes where
both instruments return a valid retrieval. This approach is
similar to comparisons between satellite and in situ data,
which are typically also limited to those conditions where
the satellite instrument can retrieve information. We do not
compare AIRS and MLS in the stratosphere because AIRS
reported stratospheric water vapor is, at best, able to
reproduce the mean climatology of a region and period
[Gettelman et al., 2004; Read et al., 2007].
[5] The potential effects of reduced sampling rates on

both instruments are examined in Fetzer et al. [The effect of
sampling on upper tropospheric water vapor climatologies
from the Microwave Limb Sounder and Atmospheric Infra-
red Sounder, manuscript in preparation, 2008]. As will be
shown below, the two instruments can simultaneously
retrieve UTWV for roughly 40 to 70% of all observed
scenes within a 15� latitude band; this study is concerned
with those scenes. The remaining scenes are not observed
by either AIRS or MLS primarily because clouds may affect
upwelling radiation from UTWV. Sampling characteristics
are relevant because AIRS sounding is prevented by thicker
clouds, However, some observations are attained by AIRS
for up to 70% effective cloud cover because the AIRS
retrieval method exploits microwave information to partially
remove the effects of clouds [Susskind et al., 2006; Fetzer et
al., 2006]. MLS constituent sampling is partially affected by
ice particles [Livesey et al., 2006a, 2006b; Wu et al., 2006],
but MLS retrieval algorithms may also fail in regions where

the a priori solution is unrepresentative [Read et al., 2007].
Scattering by ice particles appears to be the dominant source
of failed MLS retrievals in tropical regions with extensive
cloud cover. (However, as discussed below, other factors
can lead to failed MLS retrievals under clear tropical
conditions.) Both instruments are capable of making some
UTWV observations under cloudy conditions. An under-
standing of the effects of cloud on both instruments is a
necessary step toward creating a complete and representa-
tive UTWV climatology. The goal of this study is a
constraint on the relative uncertainties of the two instru-
ments when they simultaneously observe.
[6] UTWV observations are available from other instru-

ments besides AIRS and MLS. Balloon-based observations
of UTWVare limited because operational radiosonde instru-
ments are insensitive to water vapor for the cold, dry
conditions typical of pressures less than about 300 hPa
[Ferrare et al., 2004; Whiteman et al., 2006; Miloshevich et
al., 2006]. The sensitive balloon-borne instruments described
in Vömel et al. [2007] are used to validate MLS water vapor
under very dry stratospheric conditions. Aircraft observa-
tions are of high quality but limited extent [e. g., Gettelman
et al., 2004]. A variety of operational satellite instruments in
both geostationary and low-earth orbits carry a 6.7 mm
channel sensitive to water vapor. While operational satellite
UTWV measurements are limited to relative humidity over
a layer several kilometers thick [Soden and Bretherton,
1993], their coverage extends nearly 30 years. In addition,
operational sounders in geosynchronous orbit can be used to
examine the diurnal cycle [Soden, 2000; Tian et al., 2004].
(In contrast, AIRS and MLS can each retrieve temperature
and absolute humidity over 1–3 km thick layers, but their
coverage is limited to a few years. Also, because they are in
sun-synchronous orbits they sample only two points in the
diurnal cycle.) Other observations of upper tropospheric
relative humidity from an earlier version of the Microwave
Limb Sounder instrument on the Upper Atmospheric
Research Satellite (UARS/MLS) launched in 1991 [Read
et al., 2001] have been used to study water vapor feedback
processes [Minschwaner and Dessler, 2004].
[7] The structure of this paper is as follows. Section 2

describes the AIRS and MLS observing methodologies, the
viewing geometries of the two systems, the instruments’
coverage, and the validation state of both data sources. (An
Appendix describes the quality flagging and the procedure
for matching the two data sets.) Section 3 presents time-
zonal mean statistics of the fraction of converged retrievals,
mean UTWV, mean UTWV differences, standard deviation
of differences, sampling extrema of matched data, correla-
tions, and degree of linearity of the two data sets (as
measured by slopes of fitted lines). Section 3 also interprets
the performance of the separate instruments by season,
pressure and latitude. Section 4 presents a summary of
the conclusions about instrument performance reached in
section 3. Section 4 also discusses the implications of this
work for other studies, and suggests further research.

2. Data Sources

[8] This section describes basic characteristics of the
AIRS and MLS instruments, their validation status, their
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viewing geometries, and the importance of excluding AIRS
stratospheric water vapor values. The Appendix provides
addition discussions of quality flags and the data matching
method used in this study.

2.1. Atmospheric Infrared Sounder

[9] The AIRS experiment was launched on the Aqua
spacecraft on 4 May 2002, and became fully functional
on 1 September 2002. Aqua is in a sun-synchronous orbit
with an equator crossing time of 1:30 AM (PM) on the
southward or descending (northward or ascending) orbit.
Observations from Aqua are intended to improve our
understanding of the Earth’s hydrologic cycle [Parkinson,
2003]. The AIRS experiment includes the AIRS instrument
[Pagano et al., 2003] and two microwave sounding instru-
ments: the Advanced Microwave Sounding Unit (AMSU)
and the Humidity Sounder for Brazil (HSB) [Lambrigtsen,
2003]. HSB improves the water vapor retrieval capability of
the AIRS system [Fetzer et al., 2006], but ceased operating
in February 2003, some eighteen months before the launch
of MLS. All results presented here use AIRS/AMSU
retrievals. A retrieval algorithm inverts observed radiances
from AIRS and AMSU to vertical profiles of temperature,
minor gases, and water vapor, along with cloud amount,
cloud top properties, and surface properties [Susskind et al.,
2003, 2006]. The AIRS and AMSU instruments view
downward, scanning in a swath about 1600 km wide, with
a maximum viewing angle of 49.5� from nadir. The hori-
zontal spacing of AIRS profile quantities is about 45 km at
nadir, with thirty retrieved profiles across the viewing
swath. (This is the AMSU resolution, while the AIRS
instrument samples infrared spectra at three times higher
horizontal resolution; see discussion of Figure 1 below.)
Each profile is retrieved from a set of nine observed AIRS
spectra and one observed AMSU spectrum. The AMSU
observation rate is 324,000 spectra per day, so up to
324,000 profiles may be retrieved daily. Because clouds
can block infrared radiances from below, roughly 30% of
possible profiles are retrieved from the AMSU microwave
observations alone [Susskind et al., 2006]; that fraction
varies considerably with location and the prevalence of
clouds [Fetzer et al., 2006]. Microwave-only retrievals are
excluded from this study because they contain no UTWV

information. Below we discuss instruments ‘‘yields.’’ For
AIRS this effectively means the percentage of retrievals
where clouds do not significantly obscure the infrared
radiances emitted from below those clouds. This study uses
AIRS Version 4.0 Level data, available at http://airs.jpl.
nasa.gov/.
[10] The AIRS system was designed and built to resolve

water vapor with 15% root mean square (RMS) uncertainty
in 2 km layers in the troposphere. AIRS UTWV in the
tropics has been compared in several studies with in situ
observations using data from aircraft [Gettelman et al.,
2004] and balloons [Hagan et al., 2004; Tobin et al.,
2006], though at a limited set of locations. Other studies
[Divakarla et al., 2006; Tobin et al., 2006; Nalli et al., 2006;
Susskind et al., 2006; Fetzer et al., 2004, 2006; Ye et al.,
2007] have compared AIRS total precipitable water, lower
tropospheric water vapor, and temperature profiles with
observations from a variety of correlative data sources
regionally and globally. In summary, these studies show
individual AIRS specific humidity profiles have RMS
measurement uncertainties of ±10–30%, and measurement
biases of 10% or less in 2 km layers in nonpolar regions. As
noted by Hearty et al. [2007], the AIRS Version 5.0 data
have smaller UTWV bias relative to radiosondes than earlier
data releases, including the V4.0 data discussed here. The
RMS characteristics of AIRS Version 4.0 and Version 5.0
data are very similar [Hearty et al., 2007].
[11] As discussed by Read et al. [2007], vertical resolu-

tion estimates are based on the retrieval averaging kernels.
Because the AIRS Version 4.0 data used in this study do not
provide averaging kernels, we presume that the AIRS
resolution is near 2 km, as determined through simulation
by Susskind et al. [2003]. Averaging kernels are being
provided as part of Version 5.0 data, first available in the
summer of 2007. Preliminary comparisons of the AIRS
V5.0 data with in situ observations corroborate the V4.0
results. Maddy and Barnet [2008] examine AIRS vertical
resolution in Version 5.0 data, and report water vapor
resolution of 2–3 km throughout the troposphere.

2.2. Aura Microwave Limb Sounder

[12] MLS is a limb-scanning microwave radiometer on
the Aura spacecraft, launched on 14 July 2006. Aura and

Figure 1. Plan view of MLS and AIRS/AMSU viewing geometries with MLS tangent points as bold
cross, central MLS averaging kernel as a broad gray line, and approximate AMSU response functions as
dashed ovals with pluses at their center. Nine AIRS spatial response functions are represented as shaded
oblongs for each of four AMSU fields of view nearest the MLS tangent point.
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Aqua (carrying AIRS) fly in the A-Train formation, with
Aqua leading by 15 minutes. Observations from instruments
on Aura are intended to answer a number of important
questions about atmospheric processes, with a particular
emphasis on chemical constituents [Schoeberl et al., 2006].
Observed microwave radiances from MLS are inverted to
profiles of temperature, geopotential height, cloud ice, and
several minor gases, including water vapor from the upper
troposphere into the stratosphere [Waters et al., 2006]. MLS
points in a fixed azimuth and its data are sampled along a
single track slightly displaced from the orbit track. Because
MLS views in the forward direction, AIRS and MLS
observations are spaced in time by roughly eight minutes
despite a spacecraft separation time of fifteen minutes. MLS
retrievals are spaced horizontally by 165 km [Livesey et al.,
2006b]. The maximum MLS global retrieval rate is 3494
profiles per day. This study uses Version 1.5 water vapor
retrievals publicly available at the Goddard Spaceflight
Center DAAC through http://mls.jpl.nasa.gov.
[13] The rate of successful MLS retrievals is much higher

than for AIRS, though it can be as low as 50% in the moist
tropics. The causes of unsuccessful MLS yields are two-
fold. Roughly two-thirds of MLS tropical retrievals are
unsuccessful due to non-representative a priori solutions
[Read et al., 2007]. This occurs most commonly under clear
but moist conditions. The remaining third of unsuccessful
MLS retrievals is a consequence of upwelling microwave
radiances from water vapor being scattered from larger ice
particles, of diameters greater than 200 mm [Wu et al., 2005,
2006]. This scattering distorts the line shapes so that
spectral fits cannot be obtained in the retrieval. Of course,
these unsuccessful retrievals are most common in cloudiest
conditions.
[14] Froidevaux et al. [2006] report a preliminary RMS

uncertainty estimate for MLS Version 1.5 UTWVof 17% or
less. This estimate is based on an error model internal to the
MLS retrieval system. That study also includes a compar-
ison of AIRS and MLS UTWV. Froidevaux et al. did not
discriminate between stratospheric conditions, as is done
here, or eliminate UTWV values of less than 20 ppmv, as
was done by Read et al. [2007]. Froidevaux et al. [2006]
report bias of AIRS relative to MLS of �12 to +25% and
standard deviations of their differences of ±53 to ±125%,

with percentages relative to the mean UTWV. (These
numbers are analogous to �Dq and sq, as defined in Table 1).
In contrast, Read et al. [2007] and this study both show
AIRS-MLS UTWV RMS agreement is as good as ±30%
(analogous to the RMS of �Dq and sq). The improvement in
agreement is primarily a consequence of the exclusion of
stratospheric observations. More recently, Vömel et al.
[2007] compared MLS UTWV against very accurate Cryo-
genic Frostpoint Hygrometer (CFH) instruments on bal-
loons, and report MLS Version 1.5 dry biases of about 25%
near 300 hPa, with smaller biases at lower pressures. The
standard deviations of the differences are 25–40%. Vömel et
al. [2007] show CFH-MLS agreement improves for drier,
colder conditions, with best agreement for the very low
mixing ratios of a few ppmv typical of the stratosphere.
Read et al. [2007] show that both MLS Version 1.5 and 2.2
data at 316 hPa have an overall dry bias of �25% relative to
AIRS, but a wet bias for wettest scenes at 300 hPa when
mixing ratios are 500 to 1000 ppmv. MLS again becomes
drier above about 1000 ppmv, but these wettest values are
very infrequent. Read et al. [2007] ascribe the MLS wet bias
in wet scenes to an error of �1% in transmissivity in the
MLS forward radiative transfer model. So, at 316 hPa MLS
is biased dry in the mean, but is biased wet for scenes
greater than 500 ppmv. Read et al. also find in comparison
with MLS that AIRS loses sensitivity around 20 ppmv,
broadly consistent with Gettelman et al. [2004] who sug-
gested a 15 ppmv threshold for AIRS. Read et al. note that
MLS has a lower sensitivity threshold of 3–4 ppmv, well
below typical UTWV values discussed here.

2.3. Viewing Geometries and Coverage

[15] Figure 1 shows the local viewing geometries of MLS
and AIRS. Most of the MLS signal is received from a
roughly 3 km vertical by 7 km cross-track by 180 km along-
track volume along the tangent path [Livesey et al., 2006b].
The MLS horizontal averaging kernel is shaded in Figure 1;
this represents the weighted contribution to the signal by the
UTWV field. In contrast, most of the AMSU- and AIRS-
observed radiance is emitted from a single AMSU field of
view represented by dashed circles in Figure 1, and the nine
corresponding AIRS infrared radiance observing fields of
view shown as shaded oblongs. The infrared radiances
provide most of the information for the AIRS UTWV
retrievals, with the AMSU microwave observations primar-
ily constraining the AIRS total water vapor. The vertical
resolution of MLS is due mainly to the vertically confined
viewing geometry as discussed by Livesey et al. [2006b].
The AIRS vertical resolution comes from the large number
of water vapor, carbon dioxide and other constituent spec-
tral lines in the AIRS spectra [Strow et al., 2006]. The AIRS
retrieval algorithm essentially deconvolves the many
weighting functions to resolve vertical scales smaller than
an individual weighting function’s thickness. Figure 1 also
suggests the density of sampling by the two instruments.
Figure 9 of Read et al. [2007] shows the regional coverage
of AIRS and MLS, and clearly illustrates the roughly 100-
fold greater coverage by AIRS.

2.4. Exclusion of AIRS Stratospheric Values

[16] In addition to the quality flag screening discussed in
the Appendix, care must be taken to include only those

Table 1. Definition of Symbols for Quantities Discussed in

Section 3

Quantity Definition

�q Mean MLS and AIRS UTWV in ppmv
�Dq Bias between mean matched AIRS and MLS

(AIRS minus MLS) UTWV,
as percentage of �q

sq Standard deviation of the difference of matched AIRS
and MLS UTWV observations as percentage of �q

qMLS�3% The third percentile (driest 3%) of MLS observed
UTWV in ppmv

%AIRS�3% The third percentile (driest 3%) of AIRS
observations as percentage of qMLS�3%

qMLS�97% The 97th percentile (wettest 97%) of MLS
observations in ppmv

%AIRS�97% The 97th percentile of AIRS observations
(wettest 97%) as a percentage of qMLS-97%

r The linear correlation coefficient between
AIRS and MLS UTWV

m The slope of the least squares fitted
line of AIRS to MLS

D22110 FETZER ET AL.: MLS AND AIRS WATER VAPOR

4 of 17

D22110



portions of AIRS UTWV profiles within the troposphere.
The AIRS system is sensitive only to tropospheric water
vapor amounts [Susskind et al., 2003]. This rejection of
stratospheric values is especially important in polar regions,
where tropopause pressures can be 300 hPa or greater. AIRS
lower stratospheric water vapor values may be misleading
because their means and those from MLS may differ by
only a few percent, while the correlation between AIRS and
MLS stratospheric water vapor is zero to high statistical
significance.
[17] Because AIRS has only climate-mean skill (at best)

in the stratosphere, this study considers only those portions
of AIRS UTWV profiles where pressures are greater than
the WMO-defined AIRS retrieved tropopause pressure
[World Meteorological Organization, 1957]. Tropopause
pressure is derived from the AIRS temperature-pressure
profile, and reported in the AIRS data files. It is reported
to a few hundred meters, finer than the 1–3 km resolution
of the AIRS temperature and humidity profiles. Preliminary
comparisons of AIRS and Global Positioning System
retrieved temperature profiles show tropopause log-pressure
altitude agreement to within about ±0.5 km globally for
January 2003.

3. Comparison of Matched Observations

[18] In this section we present zonal mean summaries of
all matched AIRS-MLS retrieval pairs of highest quality
from both instruments. Summaries are shown for each of
the twelve months in 2005, and in twelve zonal bands
between the poles, defined as [90–75S, 75–60S, . . .,
75–90N]. While the poles are given as the limits of the
comparison, note that viewing geometry restricts the
extreme MLS latitudes (and so the latitudes of highest
matched AIRS-MLS observations) to ±81.8�. For this study

we examined a number of quantities pertinent to the
individual instruments’ measurements, and their matched
differences. These include statistical moments (means and
variances), ranked statistics (medians and quantiles), and
correlation coefficients (both Pearson and nonparametric
estimators). The results of those comparisons are presented
here primarily as means, biases, standard deviations,
extrema, Pearson correlation coefficients, and the slopes
of fitted lines. We show these quantities because instrument
performance is generally specified in terms of the measure-
ment bias (accuracy) and standard deviation (precision), or
the root mean square of the two [Aumann et al., 2003]. As
will be seen, root mean square (RMS) differences may be
large even when the two data sets are highly correlated,
suggesting both instruments are sensitive to a wide range of
UTWV conditions, but have different responses to those
conditions.

3.1. Retrieval Sampling Rates

[19] Figure 2 shows combined AIRS and MLS yields.
Yield is defined here as the percentage of all possible pairs
of matched MLS-AIRS soundings containing successful
UTWV retrievals from both instruments. (The number of
possible pairs is also the total number of MLS soundings.
The numbers shown here are presumed to be representative
of the roughly hundred-fold denser AIRS coverage.) An
individual instrument’s yield is defined here as the fraction
of matched pairs where that instrument has highest-quality
retrievals, irrespective of the other instrument’s retrieval
status. The total number of matched pairs in a monthly-15
degree latitude zonal bin is typically four to seven thousand,
so yields of even 10% represent samples of several hundred.
This implies that all the quantities shown are statistically
significant to a high level of confidence.

Figure 2. Fraction of matched AIRS-MLS retrieval pairs where both systems provide successful
retrievals, as percent of all MLS soundings, in twelve 15-degree latitude bands and 12 months in 2005.
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[20] Several factors determine the distribution of yields in
Figure 2, and the most dramatic is the effect of a lower
tropopause at high latitudes. This explains why the 10%
contour is often equatorward of ±50� latitude at 150 hPa.
Other high-latitude reductions in yields at 300 and 250 hPa
in Figure 2 are almost entirely a consequence of decreased
AIRS yields because of extensive high-latitude cloudiness.
See the study of Fetzer et al. [2006] for a discussion of the
effects of cloud type on AIRS water vapor sampling.
Roughly 35 to 50% of all AIRS retrievals pass highest
quality control at high latitudes, with an AIRS-only yield
local maximum at 300 hPa of about 65% over the Antarctic
Plateau during austral winter, presumably due to very clear
conditions there. (Lower pressures have larger numbers of
stratospheric cases even when the retrievals are successful.)
Also, the lowest AIRS yields of 20–30% in Figure 2 are
found in the 45–60 S band, consistent with the very cloudy
conditions prevalent over the Southern Ocean. The MLS
yields at all pressures of interest here are nearly 100% for
latitudes poleward of 45�.
[21] At latitudes between 45 S and 45 N the yields in

Figure 2 are explained by reductions in sampling by both
AIRS and MLS. This is most apparent in the tropics, where
minimum zonal mean yields of 40–50% are seen in the
summer hemisphere. This summertime minimum is likely
due to deep convective clouds reducing the sounding
capability of both instruments.
[22] The largest low-latitude yields in Figure 2 are found

in the wintertime subtropical belts, presumably associated
with diminished high level cloud cover [Rossow and
Schiffer, 1999]. Fetzer et al. [2006] showed maxima in
AIRS yields as large as 90% in the wintertime subtropics
near the centers of the ocean basins. Here the MLS yields
are comparable to AIRS. However, the zonal means shown

in Figure 2 include opaque cloudiness associated with
baroclinic wave activity in the winter equatorial hemisphere
in all months, reducing yields to the 60–70% values shown.
Compared to high latitudes, the effect of lower tropopause
altitude is relatively minor in the tropics and subtropics, and
contributes 20–40% of the reduced yield at 200 and 150 hPa
from ±30–45� latitude during winter.

3.2. Mean Maps and Sampling Distributions
of Matched Observations

[23] Figure 3 shows maps of the mean MLS and AIRS
UTWV during July–September 2005. Here mean water
vapor is defined to be �q = (�qMLS + �qAIRS)/2. (See Table 1
for definitions of all symbols used in this and the following
discussions.) Yields of less than 10% are represented as
missing data in Figure 3 (and subsequent figures), indicat-
ing prevalent stratospheric conditions. This illustrates how
the 200 hPa surface is usually in the stratosphere at middle
and high latitudes. Several other features are apparent from
Figure 3, including a global maximum over the Asian
Monsoon region at all levels [Fu et al., 2006], local maxima
over the continents (presumably associated with transport to
the upper troposphere by enhanced convective uplift), and
decreasing UTWV moving both poleward and to lower
pressures. In addition to a 10- to 30-fold decrease between
300 and 150 hPa, the water vapor fields in Figure 3 become
more zonally symmetric moving upward. This is presum-
ably associated with more vigorous convection over the
continents causing more frequent convective penetration to
100–150 hPa [Betts, 1973; Yanai et al., 1973; Highwood
and Hoskins, 1998; Hartmann and Larson, 2003; Folkins
and Martin, 2005]. At 300 and 250 hPa in Figure 3 the
southern winter polar regions are roughly half as moist as
the northern polar regions, consistent with significantly

Figure 3. Mean UTWV maps from combined matched AIRS and MLS observations for July–
September 2005. Blank regions represent regions where fewer than 10% of samples are within the AIRS-
defined troposphere.
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lower temperatures in the upper troposphere in the winter
hemisphere. The poleward and upward decreases in water
vapor have implications for AIRS sensitivity. Note that the
mean 250 hPa water vapor is below 32 ppmv southward of
about 40 S. This suggests that scenes drier than the nominal
15–20 ppmv lower sensitivity limit of AIRS [Gettelman et
al., 2004; Read et al., 2007] are common there. Similarly,
the 150 hPa water vapor is primarily 20 ppmv or drier,
suggesting AIRS is insensitive to prevalent conditions at
150 hPa. However, AIRS may be quite capable of sensing
the very wettest conditions locally over Asia at 150 hPa
during northern summer, as well as near and within thin
cirrus clouds surrounding convection throughout the tropics
[Kahn et al., 2008]. MLS may be less sensitive to the very
wettest conditions at 300 hPa in Figure 3, especially over
the convective regions where mean water vapor is 400 ppmv
or greater, and the MLS water vapor signal may reach
saturation.
[24] Figure 4 shows histograms of UTWV from MLS and

AIRS in the 15 S to 15 N latitude band during July to
September 2005. These plots show the same data used to
create the tropical portion of the maps shown in Figure 3.
Because the histograms in Figure 4 are generated from
matched retrievals, differences between the curves in
Figure 4 indicate different responses to UTWV from AIRS
and MLS. At 300 hPa MLS observes more of the driest
scenes. The cause of the MLS 300 hPa dry bias noted by

Read et al. [2007] is apparent from Figure 4: the MLS PDF
is skewed toward drier values, with a peak shifted�60 ppmv
lower than AIRS. Note that the 300 hPa bin size is 30 ppmv,
so the difference at 300 hPa for all but the smallest bin
cannot be attributed to AIRS insensitivity to low UTWV. At
250 hPa the agreement between the two curves is clearly
better than at any other pressure level. As will be seen,
AIRS and MLS UTWV have very similar characteristics at
250 hPa. The histograms are again noticeably different at
200 hPa, with quite good agreement for driest scenes, but
with the AIRS curve now more sharply peaked. By 150 hPa,
the distributions from both instruments are of similar shape,
but with AIRS showing a slight moist bias. (We presume
AIRS is biased because roughly half the samples at 150 hPa
are obtained for scenes less with than 15–20 ppmv of water
vapor, the nominal lower limit of sensitivity for AIRS.)

3.3. Zonal Means, Biases, and Standard Deviations
of Differences of Matched Observations

[25] Figure 5 shows mean time-zonal UTWV (�q), defined
as averages of the MLS and AIRS means, for the twelve
months, twelve zonal bands, and four pressures of interest.
Note that these means are not the average of all observations
from AIRS and MLS, but are instead limited to the fraction
of matched pairs whose yields are shown in Figure 2. Here
we define �q to be the arithmetic mean of the AIRS and MLS
means (their sum divided by two). The limited number of

Figure 4. Distribution of UTWV from matched MLS (blue histograms) and AIRS (red histograms)
retrievals for the latitude range ±15 degrees and the period July–September 2005. Bin size is 30 ppmv at
300 hPa, 12.5 ppmv at 250 hPa, 5 ppmv at 200 hPa, and 1 ppmv at 150 hPa.
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any tropospheric observations at 200 and 150 hPa poleward
of about 50� latitude in Figure 5 follows from the very low
yields seen there in Figure 2. Note that the largest �q is found
in the 0–15 N band at 300 hPa between May and August.
This maximum extends upward to all other levels. Drier
regions are encountered when moving upward and pole-
ward from the tropics at 300 hPa, including a roughly thirty-
fold decrease in mean mixing ratios between 300 and
150 hPa, and an eight-fold decrease between tropics and
poles. Seasonal changes in the tropics are clearly associated
with movement of tropical deep convection and its moist-
ening effect in the upper troposphere [Tian et al., 2006].
Two manifestations of hemispheric asymmetry are also seen
in Figure 5. Arctic summer is roughly twice as moist as
Antarctic summer at 300 and 250 hPa in Figure 5. Similarly
the northern summer subtropics are significantly wetter than
southern summer subtropics. This is consistent with stronger
monsoon uplift of water vapor in the northern hemisphere.
[26] Figure 6a shows the biases between mean matched

AIRS and MLS (AIRS minus MLS) UTWVobservations as
percentages of �q in Figure 5. Designated �Dq, this is
effectively the relative accuracy (the mean difference) of
the AIRS and MLS observations. Figure 6b shows the
associated fractional standard deviations of the differences
(sq) of individual AIRS and MLS matched observations, as
percents of �q in Figure 5. The sq in Figure 6b is due to a
combination of separate AIRS and MLS measurement
system errors, along with errors introduced by the nearest-
neighbor matching process described in the Appendix.
Assuming measurement errors from AIRS and MLS are
uncorrelated, sq in Figure 6b is an upper bound on the root-

sum-squared precision from MLS and AIRS, for those
conditions where both make observations. Of course, the
relative errors �Dq and sq cannot be deduced for unmatched
observations, so in regions of e.g., 40% yields in Figure 2,
Figure 6 tells us nothing about the remaining 60% percent
of unmatched retrieval pairs. Therefore Figure 6 is one of
several sources of information about MLS and AIRS
uncertainties, and it must be interpreted in the context of
other validation studies of AIRS and MLS UTWV.
[27] The biases ( �Dq) in Figure 6a are generally less than

about 5% absolute except at 250 hPa away from the poles.
At 300 hPa, MLS is 10–15% drier in middle and low
latitudes. Also, at 300 hPa AIRS is wetter over the Antarctic
in summer, but 10–20% drier in winter. In the Arctic at
300 hPa AIRS is wetter during the first six months of 2005,
but drier during the second six months. (We have not
examined whether this holds for other years.) The cause
of this is ambiguity in polar regions at 300 hPa is not
obvious, but may be related to the climatologies of wet
extrema affecting MLS, dry extrema affecting AIRS,
behavior of the tropopause not captured by AIRS, or errors
in the AIRS-estimated tropopause. In Figure 6b, sq at
300 hPa indicates large variability in the AIRS-MLS differ-
ences, ranging from 50% at the poles to ±70–80% at low
and middle latitudes. Vömel et al. [2007] report an MLS dry
bias in the tropics of about 25% at 316 hPa, and a slight
MLS dry bias in polar regions. Tobin et al. [2006] and
Hagan et al. [2004] show AIRS-radiosonde differences of
about ±20% in the tropics at 300 hPa, with Tobin et al.
[2006] reporting a dry bias of 10–20% in AIRS Version 4.0
data (preliminary, unpublished results by Tobin show

Figure 5. Time-zonal means of the average AIRS and MLS water vapor mixing ratios from matched
MLS and AIRS retrieval pairs (�q) by latitude and month in 2005.
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smaller biases in AIRS Version 5.0 data). Aircraft compar-
isons by Gettelman et al. [2004] agree with AIRS to ±25%,
with no discernable bias at 300 hPa. No validation studies
have addressed AIRS UTWV over the poles, though
Gettelman et al. [2006c] and Ye et al. [2007] showed good
agreement with sondes at lower levels.

[28] Considering all studies, we interpret Figure 6 at
300 hPa as follows: in the ±45� latitude band MLS is biased
low by 10–25% relative to AIRS (consistent with Vömel et
al. [2007] and �Dq in Figure 6b), while AIRS itself may be
too dry by 10% (consistent with Tobin et al. [2006]).
Consequently, �q at 300 hPa in Figure 5 is underestimated

Figure 6. (a) Biases between mean mixing ratios from AIRS and MLS ( �Dq) as percentage of means in
Figure 5; the zero contour is represented by dotted lines, positive contours are represented by solid lines,
and negative contours are represented by dashed lines; contour intervals are 5% for �15% absolute but
otherwise 10%. (b) Standard deviation of the differences of matched MLS and AIRS retrievals pairs (sq),
as percent of means in Figure 5, with contour intervals of 10%.
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by about 10%. Given an AIRS UTWV precision of �25%
[Gettelman et al., 2004; Hagan et al., 2004; Tobin et al.,
2006], we conclude from sq in Figure 6b that the MLS
precision at 300 hPa is roughly 50% in the ±45� latitude
bands. Below we will argue that most of this ‘‘uncertainty’’
comes from differences in how AIRS and MLS respond to
UTWV signals, not random error. In short, the two instru-
ments’ responses are correlated but their separate responses
to UTWVare not one-to-one. At 300 hPa AIRS is drier than
MLS by about 10% in northern summer, but wetter by about
10% in southern summer; Because the summer mixing
ratios of 60 ppmv or greater at 300 hPa are well within
the sensitivity ranges of both instruments, we cannot con-
clude which instrument is the source of the �10% ambigu-
ity in absolute UTWV in high-latitude summer. AIRS is
slightly wetter thanMLS in thewinter hemisphere at 300 hPa,
reflecting the AIRS tendency toward wetter UTWVestimate
under the driest conditions. Vömel et al. [2007] find CFH
sondes to be �10% wetter than MLS in Arctic winter. The
sq in Figure 6b at 300 hPa puts an upper bound on the two
instruments’ precision at high latitudes: they are both
somewhere in the 25 to 40% range at 300 hPa, assuming
a reasonable lower limit of about 25%. Note that this high-
latitude estimate of precision is an overestimate because it
assumes the nearest-neighbor matching procedure introdu-
ces no uncertainty.
[29] The situation at 250 hPa is much clearer than at

300 hPa. Figure 6a shows essentially zero bias ( �Dq), except
in high-latitude summer where AIRS is wetter by 10–20%,
and high-latitude winter where AIRS is drier by 10–20%.
As �q in Figure 5 shows, this AIRS moist bias occurs
where UTWV is near the AIRS sensitivity threshold of
15–20 ppmv, implying that polar UTWV values at 250 hPa
are usually below the AIRS sensitivity threshold. Values of
sq at 250 hPa in Figure 6b are everywhere 40% or less,
implying individual instrument precisions of 20–30% at
250 hPa. We conclude that UTWV at 250 hPa from either
AIRS or MLS, at all but highest latitudes, are correct to
within ±25%, with a dry bias of 10% or less by both
instruments (supported by Vömel et al. [2007] for MLS
and Tobin et al. [2006] for AIRS). At highest latitudes,
AIRS uncertainties at 250 hPa are greater than 30%,
probably because of the prevalence of drier conditions there.
In summary, Figure 6 indicates remarkable agreement
between AIRS and MLS water vapor measurements at
250 hPa except when mixing ratios are near the AIRS
sensitivity limit of 15–20 ppmv. At those lowest mixing
ratios AIRS shows a consistent wet bias.
[30] At 200 hPa both �Dq and sq are considerably larger

than at 250 hPa. Values of �Dq in Figure 6a show that MLS
is wetter than AIRS by 5–15% at 200 hPa, opposite to the
situation at 300 hPa. Although Read et al. [2007] did not
find such large differences as shown here, they rejected all
matches where MLS UTWV is 20 ppmv or less. Read et al.
[2007] were not able to devise an AIRS-only rejection
threshold that gives good agreement with MLS. We report
the complete comparison statistics because this screening
method is not viable for the roughly 99% of AIRS footprints
that do not match to an MLS sounding. This will aid in
interpretation of the entire AIRS data volume. Values of sq
at 200 hPa in Figure 6b range from 40 to 70%, and
examination of the 200 hPa �q in Figure 5 shows these large

uncertainties are associated with mean mixing ratios of 10–
60 ppmv. This is close to, or below, the 15–20 ppmv
sensitivity threshold for AIRS. Furthermore, Vömel et al.
[2007] show improved agreement between MLS and CFH
measurements for drier conditions (with the best agreement
seen for mixing ratios of roughly 3 to 10 ppmv; Lambert et
al. [2007]). We therefore conclude that the most likely
explanation of large values for both �Dq and sq in Figure 6
at 200 hPa is AIRS insensitivity to drier conditions. This
implies the AIRS uncertainties at 200 hPa are roughly �10
to �20 ± 40 to 60%. Similar arguments hold for the �Dq

values of �10 to +20, and sq values of 50–90% at 150 hPa.
The MLS uncertainties at these pressure were shown to be
�25% by Vömel et al. [2007], so �Dq and sq in Figures 6a
and 6b are the effective AIRS uncertainties at 150 hPa. As
will be shown below, correlations between AIRS and MLS
at 200 and 150 hPa are small though significantly larger
than zero, suggesting AIRS has some skill even at these
pressures. Also, the AIRS performance will be significantly
better than the zonal mean value in Figure 6 wherever local
UTWV is above approximately 15 ppmv, though poorer
where UTWV is locally small.

3.4. Extrema

[31] The previous section described the zonal mean
agreement between the AIRS and MLS differences. Another
important requirement for creating climatologies from the
two instruments is understanding how they sample dry and
moist extrema. Extrema are also significant in determining
correlations between data. Note, however, that even perfect
agreement in probability distributions does not guarantee
that one or both instruments have skill, since they may
simply be defaulting to similar climatologies. For this
reason section 3.5 below shows correlations between the
two data sets.
[32] Figure 7a gives the third percentile of MLS obser-

vations (qMLS�3%). These represent the driest 3% of scenes
observed by MLS. A comparison of qMLS�3% in Figure 7a
with �q in Figure 5 shows the maxima in both fields are
collocated, and both fields diminish poleward. Note,
however, that the ratio of the quantities in Figures 7a
and 5 (qMLS�3%: q) varies from �10% at 300 hPa in the
tropics to �40% at 150 hPa. This indicates lower variability
with increasing height. That ratio is also smaller at higher
latitudes. Higher fractional variability at lower latitudes
and altitudes suggest larger effects of deep convection at
300 hPa. Interestingly, fields of qMLS�3% at 300 and 250 hPa
in Figure 7a are very similar despite a roughly threefold
decrease in �q between these two levels in Figure 5. It is
unclear whether this is an artifact of the MLS retrieval or a
true characteristic of the atmosphere.
[33] Figure 7b shows the third percentile, or driest 3%, of

AIRS observations, but as a percentage of qMLS�3% in
Figure 7a (designated %AIRS�3% to signify percentage).
Note that if MLS and AIRS have similar lower limit
sampling, then %AIRS�3% in Figure 7b would be roughly
100% everywhere. Instead, %AIRS�3% is generally larger
than 100%. At 300 hPa %AIRS�3% is never smaller than
150%, so the driest scenes from AIRS are always wetter
than those from MLS. Note, however, that qMLS�3% at
300 hPa in Figure 7a is everywhere near the putative 15–
20 ppmv sensitivity threshold of AIRS, and that AIRS
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cannot observe these very dry conditions. Furthermore, the
possibly unrealistic near-equivalence of qMLS�3% at 300 and
250 hPa in Figure 7a suggests problems with MLS for very
driest scenes at 300 hPa. Therefore we can conclude little
about the occurrence of very dry air at 300 hPa in the tropics
and subtropics from either AIRS or MLS. In contrast, values
of %AIRS�3% at 250 hPa in Figure 7b are very close to 100%
throughout the tropics and subtropics. This is yet more
evidence that AIRS and MLS sample UTWV very simi-
larly at 250 hPa. Note, however, that qMLS�3% at 250
hPa in Figure 7a is 20–30 ppmv—close to but slightly

higher than the AIRS lower limit sensitivity threshold—in
regions where %AIRS�3% is close to 100%. At 150 and 200
%AIRS�3% is almost always 120% or greater, meaning driest
AIRS scenes are not as dry as driest MLS scenes. This
reflects the tendency for AIRS to relax to climatology under
very dry conditions, an effect most pronounced in the lower
stratosphere where AIRS has no skill except in the mean.
[34] Figure 8a shows the 97th percentile of MLS obser-

vations (qMLS�97%) in ppmv. These represent the wettest 3%
of scenes observed by MLS. Comparison with �q in Figure 5
shows maxima several times larger than the means, though

Figure 7. Value of the (a) third percentile (driest 3%) of MLS observations in ppmv (qMLS�3%) and the
(b) third percentile of AIRS UTWV (%AIRS�3%) as percent of MLS values in Figure 7a.
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the ratio qMLS�97%: �q varies from about 4:1 to 6:1 at 300 hPa
to about 2:1 at 150 hPa. Recall that the dynamic range of
qMLS�3% similarly decreased with pressure. This indicates
that the magnitude and fractional variability of UTWV are
both largest at 300 hPa. Figure 8b gives the 97th percentile
of AIRS observations as a percentage of qMLS�97% (defined
as %AIRS�97%). Figure 8b shows that AIRS maxima are
almost always smaller than those of MLS at 300 and 200
hPa. Overall, AIRS has drier maxima than MLS at low
latitudes, with maxima above the roughly 15–20 ppmv

AIRS sensitivity threshold everywhere at 300 hPa, and in
the moist tropics at 250 and 200 hPa. Smaller AIRS maxima
are further supported by the 90th percentile plot (not
shown), analogous to %AIRS�97% in Figure 8b but every-
where smaller than Figure 6a. This shows that the larger the
value of an observation, the higher the probability of MLS
being wetter than AIRS, consistent with the findings of
Read et al. [2007]. A tendency toward the mean in AIRS is
noted byMcMillin et al. [2007] in their comparison of AIRS
total precipitable water vapor with ground-based sensors; a

Figure 8. Value of the (a) 97th percentile (wettest 3%) of MLS observations (qMLS�97%) in ppmv and
the (b) 97th percentile of AIRS observations (%AIRS�97%) as percent of MLS values in Figure 8a.
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similar effect may be occurring for AIRS UTWV observa-
tions. However, as argued by Read et al. [2007], MLS tends
to overestimate scenes wetter than 400 ppmv. So, the RMS
differences seen at 300 hPa in Figure 4b are most likely due
to MLS overestimation of water vapor for the wettest
conditions.

3.5. Correlation Coefficients and Linearity

[35] The linear (Pearson) correlation coefficients between
AIRS and MLS UTWV (designated r) for the twelve

months, twelve zonal bands and four pressures are shown
in Figure 9a. The slope of the least squares fitted line (m) is
shown in Figure 9b. AIRS is treated as the dependent
variable in the line fitting here, so m values less than unity
imply AIRS has smaller maxima and/or larger minima. The
highest correlations in Figure 9a (greater than 0.9) are found
at 250 hPa, with a rapid decrease at upper levels. Note,
however, that the fitted MLS-AIRS linear slope is always
0.9 or less. The bias toward smaller m is consistent with the
extrema just discussed, with AIRS having a smaller dynamic

Figure 9. (a) Pearson correlation coefficients between AIRS and MLS UTWV values (r). (b) Slope of
linear fit of AIRS to MLS data (m).
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range than MLS. Purely random measurement noise would
give a mean m of unity, with some variations about that.
[36] At 300 hPa, r in Figure 9a is relatively high (0.7 to

0.8), while m in Figure 9b is 0.5–0.6. The relative errors
shown in Figure 2 at 300 hPa, and the extrema discussed
with Figures 7 and 8 above explain this apparent discrep-
ancy. At 300 hPa MLS tends to measure wetter than AIRS
when wet, and drier than AIRS when dry. This is consistent
with the smaller values of m in Figure 9b. However the high
correlation in Figure 9a at 300 hPa suggests that MLS has
sensitivity at this level, though a different response to
UTWV than AIRS. Vömel et al. [2007] similarly find
MLS is responsive to geophysical signal but does not
respond in the same manner as the balloon-borne CFH
sensors at 316 hPa. Figure 9 explains the relatively large
RMS differences at 300 hPa seen in Figure 6: while the two
data sets are monotonically related to one another, that
relationship is not one-to-one, leading to larger RMS
differences.
[37] The highest correlation in Figure 9a is seen at 250 hPa,

where r is as large as 0.9. Note, however, that the fitted
slope m at 250 hPa has a maximum of 0.9; no values of m at
250 hPa (or anywhere else) exceeds unity. The explanation
for this is found in Figure 8a: AIRS maxima at 250 hPa are
always 100% or less of MLS maxima. Because both
correlation coefficients and slope calculations use least
squares fitting, both are influenced heavily by the largest
values [Wilks, 2006]. Moving upward, at 200 hPa the
correlation r in Figure 9a continues to decrease to 0.5–
0.8 at 200 hPa, while the fitted slope m in Figure 9b is only
0.4 to 0.6. Again the explanation for this weaker linearity is
lower extrema for AIRS (as discussed above with Figures 7
and 8). The poorer correlation at 200 hPa is due to
increasing AIRS uncertainty. Note that minimum r at
200 hPa near the equator during September is inconsistent
with putatively better AIRS sensitivity for moderately wet
conditions, suggesting a suboptimal retrieval method for
AIRS at the lowest limits of its sensitivity at 200 hPa.
Finally, at 150 hPa, r is only 0.2–0.5. While small, a
correlation coefficient of 0.5 suggests AIRS has some skill
at 150 hPa. However, m is only 0.2–0.4 at 150 hPa,
suggesting that AIRS skill is confined to only the very
wettest scenes. Examination of scatter plots of AIRS and
MLS 150 hPa water vapor supports this conclusion.

4. Summary and Conclusions

[38] This work takes several steps toward providing a
complete and representative UTWV climatology from AIRS
and MLS. Several of the conclusions reached here are
consistent with earlier studies of UTWV derived from AIRS
and MLS, especially those of Read et al. [2007] and Vömel
et al. [2007]. Examples of corroborations of earlier results
are: an AIRS sensitivity threshold around 15–20 ppmv
[Gettelman et al., 2004], an MLS dry bias of 10–20% at
300 hPa, a tendency for MLS to be responsive to the wettest
scenes but overestimating the largest values, and best
agreement at 250 hPa in the tropics. Some aspects of this
study have not been examined in earlier studies, especially
the two instrument’s sampling variations by month and
latitude as shown in Figure 2. Notably, both instruments
preferentially sample clear scenes in the tropics, while MLS

is completely unaffected by clouds poleward of ±45�
latitude. Also, the AIRS performance decreases rapidly
above about 200 hPa, likely because of the increasing
prevalence of dry conditions with altitude. This is near the
nominal lower extent of the tropical tropopause layer, where
convection reaches its upper limits [Gettelman and Forster,
2002].
[39] The results of this study are summarized in Tables 2

and 3, broadly divided between lower latitude climate
regimes where AIRS samples the entire troposphere
(Table 2), and higher latitudes where a lowered tropopause
usually precludes AIRS observations at 200 and 150 hPa
(Table 3). While our estimates of biases and standard
deviations are sometimes as large as 20% and 90%, respec-
tively, correlation is a more fundamental measure of agree-
ment. Tables 2 and 3 show correlations of 0.7 or greater
everywhere at 300 and 250 hPa, and throughout the tropics
at 200 hPa. This high correlation suggests that both AIRS
and MLS are responsive to prevalent UTWV amounts
throughout most of the upper troposphere, and certainly in
those locations with roughly 20 to 400 ppmv of water vapor.
However, the two instrument’s responses with UTWV
amount may be different. (AIRS stratospheric water vapor
‘‘observations’’ have only climatological information, and
essentially zero correlation with MLS observations.) Small
errors in the spectroscopy used in the forward models in
each instrument’s retrieval system are a plausible explana-
tion for this apparent discrepancy between correlation in
Figure 9 and RMS differences in Figure 6b. Read et al.
[2007] ascribe shortcomings in UTWV fromMLS at 316 hPa
to spectral calibration and transmission uncertainties of
�1%, and similar effects may be at work in the AIRS
retrieval system. The AIRS spectroscopic validation is
described by Strow et al. [2003, 2006].
[40] The results shown here are relevant to several pub-

lished studies. As noted here and by Vömel et al. [2007] and
Read et al. [2007], MLS overestimates UTWV in the
wettest scenes. Su et al. [2006a, 2006b] determine water
vapor and cloud feedbacks by relating the logarithm of total
UTWV in the 316–100 hPa layer (dominated by the 316 hPa
value), the logarithm of mean MLS cloud ice amounts, and
sea surface temperature (SST). MLS has sensitivity to
UTWV at pressures considered here (although that sensitiv-
ity is not linear with AIRS sensitivity at 300 hPa). Also, the
inferred feedback relationships are logarithmic in changes in
UTWV. Therefore the fundamental results of Su et al.
[2006a, 2006b] are likely unchanged: water vapor and cloud
feedbacks increase with SST. However, the amplitude of
that change will be modified with MLS water vapor at
316 hPa as transmissivities are corrected in later data
versions. Importantly, changes in estimated feedback
strength will be proportional to the changes in the logarithm
of the MLS water vapor. Also, Gettelman et al. [2006a,
2006b] examined relative humidity climatologies, including
those in the 200 hPa layer in the tropics. These studies focus
mainly on saturation and near-saturation conditions, associ-
ated with highest water vapor loading. Figure 8 suggests
that AIRS may be underestimating the 200 hPa water vapor
for wettest scenes, so that regions of supersaturation noted
by Gettelman et al. [2006a, 2006b] may be more extensive
than described there.
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[41] The effects of cloud-induced sampling in UTWV
measurements from both MLS and AIRS remain unresolved
in this work. Even cursory examination of the two instru-
ments’ yields suggest that cloud-induced sampling biases
may have important implications for any study with MLS or
AIRS UTWV in the moist tropics [e.g. Su et al., 2006a,
2006b; Gettelman et al., 2006a, 2006b; Dessler and
Minschwaner, 2007]. Characterizing those biases (if indeed
they exist) will be challenging, requiring correlative infor-
mation about water vapor both inside and outside clouds
over scale of tens to hundreds of kilometers.

Appendix A: Quality Control and Data Matching

[42] The AIRS quality control for the Version 4.0 data is
essentially determined by the cloud cover in a scene
[Susskind et al., 2006; Fetzer et al., 2006]. Here we use
the flag Qual_Temp_Profile_Mid = 0 to exclude those very
cloudy AIRS profiles whose UTWV retrievals are retrieved
solely from AMSU microwave observations [Tobin et al.,
2006; Susskind et al., 2006]. This quality control gives AIRS
water vapor profiles covering the entire upper troposphere.
[43] The MLS version 1.5 UTWV observations are

screened by criteria described by Livesey et al. [2006a]:
Status is an even number, Quality > 5.0 at 316 hPa and
Quality > 0.3 at 215 hPa and lower pressures. Note that
these criteria yield some partial MLS profiles, where the
316 hPa level is flagged as lower quality. This affects about
10% of MLS profiles in the tropics, while all MLS profiles
are intact at higher latitudes.
[44] In this study we match MLS and AIRS UTWV

observations horizontally with a nearest-neighbor method.
This approach is taken for two reasons, both related to
formulation of the AIRS and MLS retrieval algorithms.
First, techniques for comparing different remote sensing
instruments assume their retrieval algorithms provide reli-
able estimates of information content as either averaging
kernels [Rodgers and Connor, 2003] or measurement
uncertainties [Read et al., 2006]. While the MLS retrieval
algorithm provides these quantities, the AIRS Version 4.0
retrieval algorithm considered here does not. Consequently,
a formal error-weighted smoothing is not feasible for the
data version considered here. AIRS Version 5.0 data report
averaging kernels, but their utility has not been fully

assessed. The results shown here are necessarily an approx-
imation to the more optimal approaches.
[45] The second reason for using a nearest-neighbor

matching method is related to the categorical nature of
quality criteria for both systems. The ultimate objective of
this comparison is to account for all scenes mutually viewed
by both instruments, including those not available from one
or both instruments because of retrieval quality criteria
described earlier. The nearest-neighbor method allows the
preservation of quality flagging in the matching process,
something less straightforward with horizontal smoothing
or interpolation. Froidevaux et al. [2006] used a nearest-
neighbor horizontal matching and MLS vertical averaging
kernels to smooth the AIRS profiles. Read et al. [2007] used
horizontal smoothing based on MLS error estimates only (as
described by Read et al. [2006]) to obtain a more optimal
match between AIRS and MLS. As in this study, Read et al.
accomplished vertical matching by fitting AIRS to MLS
reference pressures using geometric means of the AIRS
profiles. Note that the horizontal smoothing used by Read et
al. is essentially a weighted average over several adjacent
AIRS profiles, using only that subset of AIRS profiles with
highest quality retrievals. Similarly, Read et al. did not

Table 2. Summary of Results for Tropics and Latitude to About 45 Degrees in the Summer Hemispherea

Pressure

300 hPa 250 hPa 200 hPa 150 hPa

Estimated
uncertainties
(from �Dq,
sq and extrema) (%)

MLS 10 ± 40–60% ±25% ±25% ±25%
AIRS ±25% ±25% �10 ± 50–70% 5 ± 50–90%

Correlation coefficient (r) 0.7–0.8 0.9 0.5–0.8 (AIRS
uncertainties)

0.2–0.4 (high AIRS
uncertainties)

Fitted slope (m) 0.4–0.5 (skewed
by wettest MLS scenes)

0.7–0.8 (fewer
AIRS extrema)

0.1–0.2 (fewer
AIRS extrema)

0.1–0.2 (small AIRS
sensitivity at this pressure)

Effect of Clouds on Yields
MLS MLS retrieval yields range from �50% in regions of deep convection to near 100% in the regions of prevalent

low clouds (trade cumulus and stratocumulus).
AIRS AIRS yields range from 15% in regions of deep convection and prevalent stratocumulus [see Fetzer et al., 2006]

to 90% in trade wind cumulus.
aRetrieval yields, and listed variables �Dq, sq, extrema, r, and m are discussed more completely in the text.

Table 3. As Table 2 for Conditions Poleward of About 45 Degrees

Latitude in the Summer Hemisphere and About 30 Degrees Latitude

in the Winter Hemisphere

Pressure

300 hPa 250 hPa

Estimated
uncertainties
(from �Dq, sq
and extrema) (%)

MLS ±25–40% ±25%
AIRS ±25–40% ±25–40%

Correlation
coefficient (r)

0.7–0.8 0.7–0.8

Fitted slope (m) 0.2–0.4 (skewed by
wettest MLS scenes
and driest AIRS scenes)

0.2–0.6 (skewed by
zAIRS insensitivity
to driest scenes)

Effect of Clouds on Yields
MLS MLS yields are nearly 100% within and

poleward of the tropopause break at the jet
stream.

AIRS AIRS yields are typically 30-60% poleward of
the tropopause break.
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match non-convergent MLS retrievals to any AIRS retrieval.
Here we consider scenes with both convergent and non-
convergent solutions.
[46] We compare UTWV mixing ratios on the 300, 250,

200 and 150 hPa levels (not the layer means, as reported for
AIRS). MLS reports level values at 316, 215, 147 and
100 hPa, and the MLS retrieval algorithm is formulated so
the logarithm of mixing ratio is linear in logarithm of
pressure [Livesey et al., 2006a]. The MLS observations
are placed on the reference pressures of 400, 300, 250,
200 and 100 hPa using this functional relationship between
MLS UTWV and pressure. This preserves the vertical
resolution of MLS UTWV, as discussed by Waters et al.
[2006] and Livesey et al. [2006b].
[47] The AIRS Version 4.0 data are reported as log-

pressure-weighted mean values within layers. The AIRS
layer indexing is such that the reference pressure is the
higher of the bracketing pressures; e.g., �q(p = 300) repre-
sents the 300–250 hPa layer average. The index decreases
with pressure. We assume linear variations of the logarithm
of mixing ratio with the logarithm of pressure, and use
geometric means to calculate the level values between
layers qAIRS(pi) =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�qAIRS pið Þ�qAIRS pi�1ð Þ

p
. Here �qAIRS(pi) is

the reported layer average value and qAIRS(pi), is the
geometric mean used in this study. This requires layers
values reported at 400, 300, 250, 200 and 150 hPa (brack-
eting our pressure levels of 300, 250, 200 and 150 hPa).
[48] As with the nearest neighbor method used to match

in the horizontal, this vertical matching is not formally
optimal [Rodgers and Connor, 2003]. However, the MLS
vertical resolution is about 2.7 km (the grid spacing), while
AIRS vertical resolution in the upper troposphere is similar
[Maddy and Barnet, 2008]. Both instruments’ resolutions
are close to the water vapor e-folding height of 2–3 km. We
postulate that the vertical matching procedure used here
does not introduce large errors; basically neither instru-
ment’s fine-scale structure contributes significantly to the
RMS differences. The RMS differences between AIRS and
MLS at 250 hPa are 30% everywhere except the poles,
comparable to the differences seen by Read et al. [2007]
when more formal horizontal matching procedures are used.
This suggests that AIRS and MLS are individually
performing to better than 25% RMS uncertainty at 250 hPa.
Regions of poorer agreement can be best explained by
reduced performance by either AIRS for driest conditions,
or MLS for wettest conditions.
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